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Introduction 



1.1 Holes in the standard paradigms 



At present, the laws describing how our Universe works seem to be irreconcihably spht into 
two different worlds: the one corresponding to the physics of microscopic phenomena and the 
one which explains the (very) large scale structure. The first world is governed by quantum 
physics while the second one is dominated by gravity. Both approaches are respectively very 
well understood in terms of two mathematical frameworks: Quantum Field Theory [1] and 
General Relativity [2]. The fact that General Relativity is a classical theory implies that 
gravity does not feel the quantum effects of the microscopic world. On the other hand, the 
existence of physical singularities at small space-time scales like e.g. Black Holes or the Uni- 
verse initial singularity, suggests the necessity of a theory of Quantum Gravity. Nevertheless 
there is a problem, when one tries to quantize gravity in the usual fashion the theory turns 
inconsistent. 

From the phenomenological point of view, the fundamental theories in nature are com- 
piled in two paradigms with a succesfull predictive power: the Standard Model of particle 
physics and the Standard Cosmological Model. The Standard Model of particle physics [3] is 
a succesfull Quantum Field Theory which may even be renormalizable if the Higgs boson is 
eventually found at the LHC. It is based on the gauge principle with a SU{3)c x SU{2)l x 
U{1)y gauge invariance. As is shown in Tab. 1.1, the fundamental blocks of the Standard 
Model are chiral Weyl fermions (quarks and leptons) representing matter fields and vector 
bosons describing the electroweak and strong interactions. 

The Standard Cosmological Model [4] is supported in the theory of General Relativity 
under the assumption of the Cosmological Principle which states the Universe is spatially 
homogeneous and isotropic at large scales. This fact constraints the form of the metric of the 
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Table 1.1: Standard Model particles and quantum numbers for the different representations 
of the gauge group. 
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where (r, 6, (p) are the comoving coordinates, a{t) the scale factor, t the cosmic time, and k 
the spatial curvature (fc > 0, A; = 0, A; < for a close, flat or open Universe, respectively). 
With this metric, Einstein equations relate the behaviour of the scale factor as a function of 
the curvature and the energy p and pressure p densities of the matter within the Universe 
showing the dynamical evolution of the Universe with the form of the well known Priedmann 
equations 
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Despite of the experimental evidence supporting these two standard models, there exist 
some theoretical and phenomenological issues which do not accommodate inside these two 
paradigms and shows their incompleteness: 



• Holes in Standard Model of Particle Physics: 



— Gravity: as was commented before, we do not know how to combine consistenly 
quantum field theory with gravity. 
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— Coupling constants: due to the behaviour of its beta- function, the QED couphng 
diverges for arbitrarily small distances. This implies that the Standard Model 
cannot be a fundamental theory. 

— Gauge group: we know that the gauge group of the Standard Model is SU{3)c x 
SU{2)l X U{1)y and matter fields transform in the fundamental representations 
of the group. However these choices are put by hand and there is no fundamental 
motivation. 

— Flavour problem: why the Yukawa couplings have the structure they have? is 
there any kind of flavour symmetry explaining such hierarchical values or any 
dynamical mechanism for generating them? In the Standard Model there is no 
apparent explanation about neither the number of particle families nor the value 
of mixing paremeters or particle mass patterns. 

— Spontaneous electroweak symmetry breaking: a spontaneous breakdown of elec- 
troweak symmetry allows generating masses through the Higgs mechanism. How- 
ever there is no understanding concerning the origin of the form of the scalar 
potential and the value of its parameters. 

— Neutrino masses: in the Standard Model there is an absence of vr and as a 
consequence neutrinos would not able to acquire masses through a direct Yukawa 
term, but only a non-renormalizable term of the form LLH H. The observed 
neutrino oscillation [5] pattern can only be explained if at least two of the neutrino 
masses are non- vanishing and therefore, it is necessary to implement a mechanism 
to generate them. 

— Hierarchy problem: there is no protection mechanism in Standard Model to keep 
the scalar masses small. This implies that loop corrections to the Higgs mass are 
17 orders of magnitude larger than the physical mass. As a consequence, during 
the renormalization process, we should make severe readjustments (1 part in 10^^) 
at every loop order in order to get a value of order the TeV scale. 

— The question about unification: the possibility of unifing the gauge coupling con- 
stants if one runs up their renormalization group equations is a aesthetical cri- 
terium which has been very well valued as a sign of an underlying fundamental 
theory. In the case of an unified Standard Model, this possibility is not realized. 

• Holes of Standard Cosmological Model 

— Flatness fine-tunning: one second after the Big Bang the Otot must have been 
equal to 1 with a precision of 15 decimals in order to coincide with the recent 
observations of Q.tot ~ 1- Extrapolating in time back to the Planck scale 10~^^, it 
would implies Vttot must have been 1 with a precission of 58 decimal places. 
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— Horizon problem: the Cosmic Microwave Background (CMB), which was released 
when the universe was ~ 3 • 10^ years old, is uniform in temperature to one 
part in 10^. A mechanism for stablishing this uniformity would need to transmit 
information at about 100 times the speed of light. 

— CMB anisotropies origin: the Standard Cosmological Model does not answer the 
question about the origin of anisotropies observed in the Cosmic Microwave Back- 
ground, which are expected to be responsible also for the structures at large scale 
formation in the Universe. 

• Astroparticle and cosmological challenges: 

— Dark energy: observations of type la supernovae at large red-shifts [6] as well as the 
CMB radiation [7] suggest that most part of the energy resides in an unknown new 
kind of negative-pressure energy called dark energy. These observations conclude 
that this dark energy is apparently accelerating the universe. The most popular 
explanations for this observation relie on one hand on the so called quintaessence 
models and also in Einstein's cosmological constant idea. 

— Dark matter: observations of cluster dynamics suggest that the amount of matter 
that can cluster in the Universe is about Qm ~ 0.3 , while analysis of nucleosynthe- 
sis indicates that the amount of baryonic matter is much smaller, Qm ~ 0.045. The 
MACHO abundance found by the Eros collaboration [8] reveals that MACHO's 
cannot contribute more than about 20% of the galactic halo and thus cannot be 
used to explain the rotational curves of the galaxy. Thus, there should exist some 
non-baryonic dark matter. The minimal standard model does not provide any can- 
didate for the non-baryonic dark matter and, therefore, cosmological observations 
again point in the direction of physics beyond the standard model. 

— Baryogenesis: observations indicate that the number of baryons in the Universe 
is grossly unequal to the number of antibaryons [9]. Since various considerations 
suggest that the Universe has started from a state with equal numbers of baryons 
and antibaryons, the observed baryon asymmetry must have been generated dy- 
namically. Moreover, although the minimal standard model has the means of 
fulfilling the three Sakharov's conditions, it falls short to explaining the making 
of the baryon asymmetry of the universe. In particular, it is demonstrated that 
the phase of the CKM mixing matrix is an insufficient source of CP violation. It 
would be necessary to enlarge the symmetry breaking sector and adding a new 
source of CP violation to the Standard Model. 

— Strong CP problem: current upper bounds of the neutron electric dipole moment 
constrain the physically observable quantum chromodynamic (QCD) vacuum angle 
1^1 ^ 10~^^. In principle there is no reason for such a smallness, but there is a 
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solution beyond the Standard Model which leads to the existence of the very light 
particle called axion which as a matter of fact is also a candidate for dark matter. 

— Scale fine-tunning: there exist a number of parameters and ratios whose smallness 
does not look like a result of a random choice, but are very small without any 
theoretical or phenomenological motivation. Some examples of these apparent 
fine-tunnings are: ^ IQ-^, ^ ^ K ^ l^-''' Mj,,^^, or |0qcd| < 

10-11. 

• The question of the origin: we can estimate that the Universe has about lO^'^ particles 
living on a space-time texture which also has physical dynamics. Where did they all 
come from? 



1.2 New data for new physics 

A pletora of new data coming from different observations and experiments have been arising 
in the last years shedding some light on the possible solutions of some of the problems and 
challeges above presented. LHC is running and its experiments: CMS, ATLAS, LHCb and 
ALICE are beginning to constraint the parameter space of different models. In the other 
hand, the Plank experiment will soon give us new data from CMB, and a big amount of 
other experiments related with neutrinos, flavour physics, dark matter detection, dark en- 
ergy analysis, gravitational waves etc. exist or are planned. 

Concerning the Standard Cosmological Model the most convicing hypothesis seems 
to be the inflationary one [10]. The 10"^^ seconds period of exponential expansion at the 
beginning of the Universe solves the horizon and flatness problems. Moreover, thanks to 
inflation, quantum effects are visible in the sky, because during this process quantum me- 
chanical fluctuations are engraved under the form of density fluctuations which constitutes 
the first scaffolding for the large scale structure formation and today are observed as the CMB 
temperature fluctuations. Inflation is also the best option from the observational point of 
view, its predictions for CMB (adiabatic, Gaussian and scale invariant spectrum) flts almost 
perfectly with data (see e.g. Fig. 1.1 [11]). Nowadays, no other natural extension of the Big 
Bang cosmology is able to reproduce the CMB temperature fluctuations data so well. 

For the case of particle physics, there is vast number of models proposing new physics 
beyond Standard Model (SM): supersymmetry, composite models, little Higgs, extra dimen- 
sions, different kind of GUT theories, Higgsless models... Things are not so easy as in the 
cosmological case in order to discriminate among all possibilities. However CMS and ATLAS 
have published recently the first analysis on a (possible) Higgs boson signal with a mass 
ruH « 124 - 126 GeV (see Fig. 1.2). 
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Figure 1.1: Comparison of the latest observational measurements of the temperature fluctu- 
ations in the CMB with several theoretical models. The solid lines show the predictions of 
the simplest inflationary models. The best fit corresponds to ACDM model [11]. 

The results from CMS and ATLAS were achieved by combining searches in a number 
of predicted Higgs decay channels including: pairs of W or Z bosons, which decay to four 
leptons; pairs of heavy quarks; pairs of tau leptons; and pairs of photons. These preliminary 
results exclude SM Higgs boson in a range of masses of 127 - 600 GeV at 95% CL. They do 
not exclude a SM Higgs boson with a mass between 115 GeV and 127 GeV at 95% CL. 




Figure 1.2: SM Higgs exclusion limit at 95% confidence level for ~ 4.7/6~^ proton-proton 
data collected by ATLAS (left) and CMS (right) in 2010 and 2011, showing the lower Higgs 
mass region. Hints of a Higgs with mass around 125 GeV are observed. 
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Assuming that these first results are giving us hints of the very existence of a Higgs 
boson with a mass around 125 GeV we can analyze the implications for physics beyond SM. 
First, some recent works in vacuum stability bounds [12, 13] shows that for mtop — 173 GeV 
the A parameter of the Higgs potential becomes negative for a energy scale of A ~ 10^^, desta- 
bilizing the electroweak vacuum. In addition, the Higgs mass parameter ij? blow up if we 
start to probe arbitrarily small distances (high energies) due to the loop corrections inducing 
a naturalness problem. This could suggest that at high energies the SM Higgs model is no 
longer valid and therefore cannot be understood as a fundamental theory of the electroweak 
sector i.e. there should be new degrees of freedom whose effects will appear at high energies 
and which contains electroweak sector as a low energy effective theory. 

If Mh = 125 GeV, this constraints very much (even rules out) the simplest realiza- 
tions of many models proposed for solving the weak points of the electroweak Higgs sector. 
Nevertheless the MSSM predicts a Higgs mass value Mh < 130 GeV which is in strik- 
ing agreement with the not excluded range of masses given by LHC data. Supersymmetry 
(SUSY) [14, 15] has a number of attractive theoretical and phenomenological aspects. SUSY 
is the most general symmetry of the S-matrix. It enlarges the Poincare group to a so called 
super-Poincare group that relates bosons and fermions through a symmetry transformation. 
From the phenomenological point of view some attractive features are: 

- SUSY protects scalars from having large radiative corrections due to a loop by loop can- 
cellation between fermion and boson quadratic contributions, and hence avoids prob- 
lems related with naturalness and hierarchies. 

- SUSY also protects the stability of the scalar potential from radiative corrections. 

- By promoting supersymmetry transformations from global to local, in analogy with 
gauge theories, it arises a spin 2 massless gauge field: the graviton. It also appears its 
superpartner, the gravitino, which has the role of a gauge field of local diffeomorphisms. 
Therefore, the resulting theory contains General Relativity. This = 1 SUSY version 
of gravity is called Supergravity (SUGRA). 

- Electroweak symmetry breaking is realized in a radiative way and hence with a natural 
dynamical mechanism. In this way the scalar potential parameters arbitrariness is much 
improved. 

- The minimal supersymmetric extension of the SM (MSSM) allows the gauge coupling 
unification of SM couplings at a scale Mqut ~ 10^^ GeV. 

- The MSSM with a conserved R-parity contains a massive, electric and color neutral 
particle which constitues a very good candidate for dark matter. 
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In spite of all these attractive features, it remains for LHC to test whether supersym- 
metry is actually realized in nature. 

1.3 String Theory and its phenomenology 

Supersymmetry and inflationary theories try to address some of the problems of the standard 
models of particle physics and cosmology respectively. But those extensions of traditional 
paradigms are not yet tested and many questions remain unanswered. For instance, concern- 
ing inflation one can ask himself about the nature of inflaton: is it a scalar simple field or 
is composite?, is there a single field or are several?, what is the origin of this field?, is there 
any mechanism to produce the inflation potential which is put by hand? etc. In the case 
of SUSY, one important feature is that none of the superpartners of the Standard Model 
particles has been yet discovered. Therefore supersymmetry should be a broken symmetry 
of Nature. However in order to mantain the good properties above considered it should be 
broken in a soft way. One consequence of soft SUSY breaking is the arising of a hundred 
of free parameters which bring new CP violations phases, mass patterns, mixing angles etc. 
In other words, that introduces a big flavour problem due to appearance of FCNC's, SUSY 
contribution to very constrained SM processes or large amounts of CP violation. All this 
parameters should be fixed by hand in order to avoid the data bounds so that one can ask 
himself if there is a more fundamental theory in which these particular choices have a raison 
d'etre. 

Consequently, both cosmology and particle physics point out the need for an underlying 
theory which can explain several apparently fanciful choices of their fundamental parameters 
and also the origin of their degrees of freedom. Besides, there are still several questions un- 
solved like the origin of dark energy, the strong CP problem, neutrino masses, cosmological 
constant and so on and so forth. String Theory [16, 17] is the most serious candidate for 
a fundamental theory which incorporates in principle the ingredients of the SM of particle 
physics and cosmology. It has a number of attractive features to describe a unified theory of 
all interactions [18]. On the other hand. String Theory is also the most promising candidate 
for a consistent theory of quantum gravity and has several theoretical achievements such 
as the string theory computation of the Bekenstein-Hawking black hole entropy [19] or the 
explicit realization of the holographic principle in Maldacena's AdS/CFT conjecture [20]. 

From the point of view of unification, the essetial aim is to understand how the SM 
or the MSSM may be obtained as a low energy limit of String Theory. There exist different 
options to achive the construction of 4d compactifications which lead to a chiral spectrum of 
massless fermions at low energies. In Fig. 1.3 we can find a summary of the possible chiral 
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vacua classified according to the underlying lOd or lid theory taken as starting point. All 
the branches of the circle in Fig. 1.3 are connected through different dualities so that the 
different vacua should be considered as a single underlying theory but reflected in different 
mirrors. 




Figure 1.3: Artistic view of the lOd (lid) string theories compactified as M4 x Xq leading to 
the five large classes of 4d chiral compactifications. 
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1.4 Plan of the thesis 

We are going to focus on Type II compactifications because of the potential for the construc- 
tion of reahstic MSSM-hke compactifications. In particular we will concentrate in Type IIB 
Calabi-Yau orientifolds and its non-perturbative realization: F-theory. These sort of models, 
have attracted a lot of attention during recent years due to their phenomenological interest. 
The plan of the thesis is as follows: 

• Ch. 2 will be devoted to an introductory survey of some concepts and aspects of Type 
II vacua like e.g. the low energy effective action or soft terms. It is also included a brief 
presentation of F-theory stressing the phenomenological interest of local models. 

• In Ch. 3 we present an analysis of the theoretical and phenomenological issues of mod- 
ulus dominated SUSY breaking [21]. In addition it is examined its status in comparison 
with recent LHC data [22]. 

• Ch. 4 is devoted to the analysis of flux and instanton effects on local F-theory models. 
Yukawas and matter fields wave functions corresponding to these models are calculated. 
The results may allow for an understanding of the problem of fermion hierarchies in 
the Standard Model [23]. 

• Finally, an appendix and some conclusions. 
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2.1 D-branes in Type II string theory 

Beyond the perturbative sector in String Theory, there exist some non-perturbative states 
which play a fundamental role in the theory: Dp-branes. They can be interpreted in a dou- 
ble way: in one hand they are soliton-like solutions [24] (topological defects) of the Type 
II low energy supergravity equations of motion with p + 1 extended dimensions where p is 
the number of spatial dimensions. In the other hand, they admit a fully stringy perturba- 
tive description as {p + l)-dimensional subspaces on which open strings can end [25]. The 
interactions with closed string sector show some of the physical properties of Dp-branes. In 
particular Dp-branes are sources of RR and NSNS fields [25]. They are sources of Cpj^i RR 
fields and of graviton and dilaton NSNS fields, and due to these couplings they carry charge 
under RR (p + l)-forms and tension (because the interaction with the 10-dimensional gravi- 
ton). Since in Type IIB the RR fields have rank (2p + 1), the only posible (BPS) D-branes 
will be D(2p + l)-branes and from a similar argument in Type IIA we will have D(2p)-branes. 

Another important feature of Dp-branes in flat spacetime is that they preserve a linear 
combination of left and right moving supersymmetries of the 10-dimensional theory 



where Ql and Qn are the 16-component spinor Type II supercharges and e^^R are spinor 
coefficients satisfying 



Q = ^rQr + (^lQl 



(2.1) 



(2.2) 



This implies that Dp-branes are t 
the RR charges and their tension. 



^BPS states and therefore there exists a relation between 



The tension-charge relation above metioned has a very important consequence. We can 
consider dynamically stable configurations of several parallel Dp-branes because there is no 
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net force among parallel branes due to the cancellation of the gravitational attraction by the 
Coulombian RR charge repulsion. In this kind of configurations, if we label each one of the 
n branes with an index a = 1, n (Chan-Paton degrees of freedom, see below) [26], we 
see that we have n? open string sectors labelled ab for an open string starting at the a — th 
D-brane and ending at b — th D-brane. 

The mass formula for the open string states is given by: 

i=p+i ^ ^ 

where x*^, are the spanning directions of the D-branes which are located at x\ in the 

(9 — p) transverse directions and where £"0 = — 1/2, in the NS and R sectors. Nb and Np 
are the bosonic and fermionic number operators and a' is the inverse of the string tension 
squared. The massless sector corresponds to a (p + l)-dimensional theory with [/(n) gauge 
symmetry bosons in the sector ab and [/(I)" in the aa sector . This stack of coincident 
D-branes promote the abelian U{\) gauge symmetry of single branes to a non abelian gauge 
group [27]. The rest of the massless spectrum for D-branes in flat space is given by (9 — p) 
adjoint scalars and adjoint fermions, filling a \J[n) vector multiplet with respect to the 16 
unbroken supersymmetries. 

The Chan-Paton factors mentioned above are labeled by A'^ and are interpreted as a set 
of degrees of freedom for every open string end. These Chan-Paton labels can be represented 
by matrices that satisfy a Lie algebra as a symmetry group of open string interactions, so 
that A" can be chosen as hermitian matrix generators where a is the adjoint index. The 
symmetries of open string scattering amplitudes turn out to be compatible with symmetry 
algebras U{N) (also SO{N), or Sp{N) in the presence of orientifold planes [28,29]). This 
symmetry is a global symmetry from the point of view of the worldsheet sigma- model, but 
local (gauge) in the ten-dimensional target space-time. 

Using these configurations of Dp-brane stacks we can obtain a general gauge group of 
the form: 

g = ll U{Na) X J] SO{Nh) X H Sp{N,) (2.4) 

a b c 

and open strings ending on the branes will transform in the adjoint or bi-fundamental 
(□a, □{,) representations^. These may correspond to some of the essential blocks of Standard 
Model and that is the reason why Dp-branes could be useful for connecting particle physics 
and String Theory [30]. 

'^For the case of SO{N) or Sp{N) we will have symmetric, anti-symmetric and (□„, Db) representations 
because of the Q orientifold action. 
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Figure 2.1: Pictorial representation of the idea of intersecting branes. 



2.2 Type IIA orientifolds 



2.2.1 Intersecting branes 

Up to now we have studied the Dp-branes in the 10-dimensional space-time. However we need 
to make compact 6 of the 10 dimensions in order to recover the four dimensional physics. 
The different stacks of D-branes may intersect each other and at these intersections live the 
quarks and leptons in realistic models motivated by the Standard Model. A schematic picture 
of this idea is shown in Fig. 2.1. Before dealing with the intersecting branes in compactified 
dimensions let us consider them as hyperplanes in Miq where open strings are attached in 
and let us make them to intersect in flat space [31-34]. Then we can say that two of these 
p + 1-planes are related by an isometry belonging to {S0{8)/ SO{p — 1)) x Tg-,. where Tg 
is the group of translations in s dimensions and r the dimension of the direct sum of both 
tangent spaces. Considering a vector basis where a rotation R G S0{8)/ SO{p — 1) can be 
diagonalized and rewriting the coordinates in terms of complex coordinates = x^^+zx™"*"^ 
we can express such a rotation without loss of generality as: 



so that the rotation preserves the complex structure. R can be seen as an element of the 
subgroup t/(4) C S0{8). One example of this situation is illustrated in Fig. 2.2 for p = 6, 
i.e. D6-branes. 



The mass operator for the open string sector beginning at a (a = 0) and ending at b 
{a = vr) is [31]: 



R-.z^'^e- 



Z' 



(2.5) 




(2.6) 
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where a' is the string tension, is the squared length of the transverse separation of two D- 
branes (just in case they are parallel in some of the dimensions), and N^, stands for the number 
operator of the oscillations, which on the Ramond {u = 0) and Neveu-Schwarz {u = ^) sectors 
is given by 



2 



= E 

,1=1 

4 

+ E 

,1=1 

3 

= E 

,1=1 

4 

+ E 

,1=1 



E 

.n>0 



j_ ,1 fi 



.r>0 

E 

.71>0 



(2.7) 



j_ ,1 A* 



.r>0 



f2i 



As usual in string theory, a'^„ and come from expansion of the bosonic and fermionic 
vJ/A* world-sheet operators but keeping in mind that the boundary conditions are the ones 
corresponding to branes intersecting at angles. This boundary conditions can be shown 
considering two D6-branes in flat space intersecting in the (x*, x-')-planes with i = 4, 6, 8 and 
j = 5, 7, 9, therefore the boundary conditions can be expressed as a mixing of Neumann and 
Dirichlet: 



drX^ 



a=0 



a=0 



COS 9ijd^X' + sin OijO^X^^^^ = 
- sin OijdrX' + cos OijdrX^ | =^ = 



(2.9) 
(2.10) 



and subindices stand for the corresponding oscillation mode: n G Z for bosonic oscillators 
and r G Z + 1/ for fermionic oscillators with v integer for the Ramond sector and half-integer 
for Neveu-Schwarz sector. 



A more efficient way for treating the string oscillations (at least the lightest ones) is 
provided by the bosonize formulation [17,35]. In this formulation the rotation is encoded in 
a four dimensional shift vector vg = (0^^, ^^j, 6*^^) and oscillating states are described by 
the vector sum r + vg, where G (Z + | + i/). The GSO projection [34,36] is implemented 
through the condition ^ • = odd, and the mass of any state is given by 

= ^ + NU0) + ^^^^^ -l + Eat (2.11) 
where Nhosi'i^) stands for the bosonic oscillator contribution and Eat is the vacuum energy 

^a^ = E^in(i-i^™i)- (2.12) 
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Figure 2.2: Diagram of two D-branes locally intersecting at angles in Mio = x x x M^. 
The branes intersect each other at angles in the extra dimensions, going from brane DQa to I?6f, in 
the ab sector. 



Notice that each of the ab states is localized at the D-branes intersections, so both 
the chiral fermions and the scalars are stuck at a single point in the dimensions additional 
to -/Vf4. Concerning the rest of the sectors (closed strings, open strings attached to a single 
D-brane) appearing in this kind of configurations are similar to other string constructions [43] . 



2.2.2 D6-branes in toroidal and orientifold compactifications 

In Type IIA we have only D4, D6 and D8-branes which can contain inside. They wrap 
respectively 1, 3 and 5-cycles in Xg compact dimensions, but CY3 compact spaces do not 
admit 1 or 5 cycles [37] because those generically have Betti numbers 61 = 65 = and hence 
only D6-branes are available for this analysis. 

One of the main problems of 4d Type II theory is the large amount of supersymmetry 
preserved in the D-brane configurations. This can be heuristically understood in the following 
way [30]: the 4d chirality is a violation of 4d parity and because of the correlation between 
the 4d chirality and the chirality in the 6d extra-dimensions (implied by the GSO projection) 
it is needed to have a preferred six dimensional orientation in order to violate the 6d parity. 
Now, let us impose the identification of some of the D-brane worldvolume dimensions with 
M4. This implies configurations of D(3 + n)-branes and therefore each pair of D-branes will 
be related not by a general 5*0(8) rotation but by an SO{Q) element or a SU{'i) element 
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in a particular complex basis if we choose properly the angle relations. Hence we must set 
9^ = 0. As a consequence, the fourth entry of our vector r + vq, which will be either an 
integer (u = 0) or half integer (v = ^) number, will provide the four- dimensional Lorentz 
quantum number of our state. Thus, a string oscillation on the Ramond (R) sector will yield 
four-dimensional fermions, whereas Neveu-Schwarz (NS) excitations will yield bosons from 
the four dimensional point of view. 



As chirality appears from the fact that two Dp-branes introduce a preferred orientation 
in the transverse 6d extra-dimensions, then we need a p big enough for defining such orien- 
tation. For example two stacks of D6-branes in fiat lOd space M4 x x x spanning 
M4 times a line in each of the three 2-planes have enough dimensions to define an orientation 
in the 6d transverse space, but that is not possible in the case of two stacks of D5-branes in 
Type IIB. For the case of D6-branes it is easy to see that the only possible massless state of 
the i?-sector is 

^ + ^^=(-^ + ^1, -^ + ^2, 1 + 03, -0 (2.13) 

where the orientation has been set with ^1, ^2 > 0, ^3 < and allowing J2i = 0. This means 
that the combination of lOd GSO projection and orientation kills one of the two possible 4d 
spinors leaving us with chirality in our 4d field theory. 

The angles relation condition we need for having a SU{3) subgroup of SO{6) rotations 
beween branes is given by 

J2^i = (2.14) 

i 

which depending on the angles choice has a more general form 

± ^1 ± ^2 ± ^3 = mod 27r (2.15) 

Notice that configurations satisfying this kind of condition generically preserve 4d = 
1 supersymmetry because there exist Killing spinors in the transverse dimensions Xg = 
there are SU (3) singlets under the spinor decomposition from 6*0(6) to the 

SU{3) subgroup: 

SO(IO) ^ SO{6) X SO{l,S) SU{S) X SO{l,S) 

16 ^ (4, 2) + (4, 2') ^ (3, 2) + (3, 2') + (1,2) + (1,2') 

where 2 or 2' are representing the chiral handedness in 4d. 



Notice also that, given that the volume wrapped by the D-branes in the flat case 
(M4 X M2 X M2 X M2 ) is infinite, the gauge coupling constants would be infinitely suppresed 
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and the gauge symmetry would look in an effective way as a global one. It is necessary, 
in order to get phenomenologically viable situations, to consider constructions in which the 
Dp-branes wrap compact cycles of six-dimensional manifolds. 



Toroidal compactifications 

The simplest constructions are the compactifications of the corresponding Type IIA string 
theory on a manifold, with the D6-branes wrapping compact 3-cycles on the T^. Actually, 
such constructions were considered in [38,39], where it was found that only for the p = 6 case 
chirality and = 1 SUSY was achieved. Aside of these simple toroidal-like settings, other 
approaches have been considered in the literature, such as orbifold compactifications [40], 
and compactifications on more general Calabi-Yau spaces [41,42]. The latter kind of models 
are in general less useful from the point of view of model building since the curved geometry 
is notoriously difficult for explicit computations. 



Let us suppose the case of intersecting D6-branes wrapping 3-cycles on a T . Let us 
assume that the has a factorisable metric as a product of 3 two-tori, = T"^ x T"^ x T"^ . 
We will also assume that the homology 3-cycles of the where each brane is wrapped on 
can be written simultaneously for each brane as a direct product of three 1-cycles, each one 
wrapping a different T^, i.e., of the form 

3 

na = (g)K[a.]+m^[M) (2.17) 

r=X 

where [a] and [6] are the basis elements of the homology group of 1-cycles. This kind of 
3-cycles are called factorisable 3-cycles. By this choice, the world-volume of each brane is 
given by x . Branes of this kind are ^BPS objects as well. An example of such 
configurations involving two D6-branes (i.e., n = 3) is shown in the Fig. 2.3. 



There are a couple of comments to make about this kind of constructions. First, note 
the fact that the gauge coupling constants are finite and given by 

1 

gi (27r)4A77 

where Mg = a'~2 is the string scale and A// is Type IIA coupling constant. The second one 
is that automatically a given pair of branes will typically intersect a finite number of times. 
This number is a topological quantity named the intersection number and is given by 



UKml-mlnl) (2.19) 
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1VI4 




(8) 



D6, 



Figure 2.3: D6-branes wrapped on factorisable 3-cycles on compact = x x and filling 
tlic four non-compact dimensions M^. In comparison with the picture shown in figure 2.2, ona can 
realize that D6-branes are intersecting several times. 

for a given pair of branes a and b. Note that the quantum numbers of the particles in different 
intersections of the same pair of branes are identical. Thus, the particle generations have a 
nice interpretation in this setup: it is the number of times two given D-branes intersect each 
other. This is a generic feature of all intersecting brane models, regardless of the compactifi- 
cation space or the degree of complexity cycles may acquire. 

For the general case of CY3 compactification, D6-branes may be wrapping special 3- 
cycles called special Lagrangian 3-cycles. Those 3-cycles are volume- minimizing submanifolds 
and hence the stability of D6-branes is ensured. These special Lagrangian 3-cycles are defined 



where is the usual gauge invariant field strength in a D-brane worldvolume while J and 0,^ 
are respectively the CY Kahler 2-form and holomorphic 3-form obtained from the internal 
Killing spinor of the compactification. Notice that the above condition implies J- = 0, i.e. 
not allowed flux through the cycle. Finally e"*"^ is a constant phase which only depends on 
the homology class of 113. The meaning of these two conditions is that tangent spaces at 
different points of 3-cycle II3 are related to each other by SU(3) rotations and, recalling the 
discusion in the previous subsection, it means that the D6-branes wrapped in the special 
Lagrangian cycles preserve a 4d A/" = 1 supersymmetry. However, far away from the brane. 



by 




(-F + iJ)|n = 
.(e-'*a3)ln = 



(2.20) 
(2.21) 
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on the underlying CY3, still there is = 2 supersymmetry. 

String theories with open string sectors in configurations with no infinite transverse 
directions, i.e. in compact extra-dimensions or in n-cycles where D-branes are wrapped in, 
have to satisfy a consistency condition called RR tadpole cancellation. In the D6-branes case 
this is translated to the fact that they are sources of charge under the RR 7-form. The RR 
tadpole cancellation in lOd can be interpreted as a generalization of the Gauss law which 
implies that for compact spaces the total charge must add up to zero. It is encoded in the 
language of 3-cycle homology in the following condition: 



From the field theory poiny of view, RR tadpoles are equivalent to the presence of anomalies, 
and the condition of RR cancellation implies the anomaly cancellation as well. 

Orientifold compactifications 

In order to verify Eq. (2.22) it is necessary the presence of anti-Dp-branes. The configura- 
tions that contain systems of branes and anti-branes are however no longer stable because 
Dp-branes and Dp-branes have opposite charge and then attract each other and eventually 
annihilate. Moreover, the supersymmetries preserved by the Dp-brane are precisely the su- 
persymmetries broken by a Dp-brane along the same directions. This implies that the whole 
system breaks all the supersymmetries. 

The problem of RR tadpole cancellation in SUSY may be solved by performing an ori- 
entifold projection. An orientifold of a given string theory (generically a Type II) is obtained 
by performing a projection of that theory that involves the world-sheet orientation reversal 
$7. This flips the orientation of fundamental strings. 

An orientifold projection consists in combining the world-sheet parity operator 0, with 
a Z2 discrete symmetry of the background, typically an isometry of the metric in the internal 
space Xg, for making the projection on Type II string theory. In this class of quotients the 
action of 0, is not of geometric nature (i.e., it does not act on the target space) but is a sym- 
metry of the string theory whose action is taken on the worldsheet. The prototype example 
is the case of Type I string theory in lOd, which is obtained as a Type IIB projection with 
and where the discrete symmetry is the identity. 

In Type IIA string theory on a lOd flat space Mio the orientifold action is given by 
Q,TZ{—1)^^. Here 7^ is a Z2 geometric action, acting locally as {x^,x'^,x^) — )■ (— x^, —x'^, —x^) 





a 
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and (—1)^^ is a left-moving world-sheet fermion number projection with Fl introduced for 
technical reasons. There are some effects that are important when we are dealing with this 
kind of constructions in Type IIA string theory: 

• The quotient theory has special subspaces in spacetime, fixed under the geometric part 
of IZ of the orientifold projection. Such subspaces are 7d-planes defined by = = 

= 0, and spanning re*, i = 0, 1, 2, 3, 4, 6, 8 coordinates. These spaces fixed under the 
orientifold action are called orientifold 6-planes or 06-planes (it has 6 spatial dimensions 
and 1 for time) . Physically it corresponds to a region of spacetime where the orientation 
of a string can flip. 

• There exist some similarities among Op-planes and Dp-planes with the same p. Op- 
planes are also charged under the RR (p -|- l)-form Cp+i. This corresponds to a RR 
tadpole of a crosscap close string diagram. For instance, the 06-plane is charged under 
the RR 7-form, and its charge is given by Qoe = i4, in units where the D6-brane charge 
is From the phenomenological point of view the only interesting kind of 0-planes 
are those with negative charge in order to cancel the D-branes charge^. The 0-planes 
also preserve supersymmetry and therefore there is a relation between its charge and 
its tension and due to the sign choice made above we will talk about negative tension. 
Furthermore, systems of D-branes and 0-planes can be stable because of the charge 
cancellation amongst each other. 

• Despite of having charge and tension, the 0-planes are not physical objects because 
they have no open strings attached in and therefore they do not carry world-volume 
degrees of freedom. 

• Moreover, for each brane added to a given configuration one has to add its image under 
QflZ, in order for the whole configuration to stay $77^- invariant. In the particular case of 
branes wrapping factorisable 3-cycles this amounts to add, for each D-brane a wrapping 
a ®{na\ma^) cycle, another brane a* wrapping a , —rria^) cycle. An example of 
this case is illustrated in Fig. 2.4. 

• As a consequence, depending on the choice of D-brane/O-plane configuration, new 
physical scenarios can be engineered. Some interesting examples are: 

— For the case of coincident 06/D6 the Chan-Paton projection leads to SO{N) or 
Sp{N) gauge groups instead of the usual U{N). They also corresponds repectively 
to negative and positive charged 0-planes. 

— For the case of intersecting D6-branes it is possible to obtain new kind of chiral 
fermion representations like (□«, in addition to (Da, or symmetric and 
antisymmetric representations. 

^Incidentally this would correspond to a SO projection choice. 
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Figure 2.4: Sketch of a orientifold projection where intersecting D-branes are wrapped on a {n, m)- 
cycle with wrapping numbers (n, m). Natice that the geometrical action of TZ on the internal space is 
inducing an action on the space of homology equivalent clases as TZ : [(n,m)] i— >■ [(n, —m)]. 

• Regarding the closed string sector, the systems of D6-branes and 06-pIanes preserve 
4d = 1 supersymmetry. Conversely, D6-branes themselves preserve M = 1 super- 
symmetry in the open string sector only if there is a common supersymmetry with the 
06-planes. 

• Finally, an important effect will be the modification of tadpole conditions for the case 
of orientifold compactifications with D6-branes to: 

[^tot] = ^-Pa] + - ^ ^ ["oe] = (2.23) 

a a 

2.3 Type IIB orientifolds with magnetized D7-branes 

In the previous section we have summarized some aspects of Type IIA Calabi-Yau orien- 
tifolds, namely D6-branes wrapped on intersecting (special Lagrangian) 3-cycles H^. In Type 
IIB string theory we can consider D3, D5, D7 and D9-branes as sources of RR C2p+i IIB 
forms. Unlike Type IIA string theory, the method of intersecting the branes does not solve 
the lack of chirality present in the theory and additional ingredients are required, like e.g. 
singular (e.g. orbifold) spaces [43] and or gauge backgrounds. 

For the case of intersecting D3 and D5-branes, there are no spanning dimensions enough 
in the internal space in order to define a preferred orientation and hence, chirality does 
not arise. Regarding intersecting D7-branes, one has the opposite problem, i.e. they have too 
many dimensions spanning in the Yg and therefore they have to intersect in 2-cycles. In such 
case we have one of the Oi angles equal to zero and hence, in comparison with intersecting D6- 
branes, appears an indetermination enabling another massless fermionic state with opposite 
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chirality. For instance, recalling Eq. (2.11) and the choice of the orientation made in last 
section, if we set 6i = then the state 

r + ..= (-^, -l + e,, l + es, I) (2.24) 

would be also massles but with the opposite 4d handedness. Nevertheless, it is possible 
to obtain chiral fermions from wrapped non-intersecting D-branes, if the geometry of the 
wrapped manifold or the topology of the internal world-volume gauge bundle are non-trivial. 



2.3.1 Type IIA - Type IIB duality 

There exists a relation between Type IIA and Type IIB compactifications through the so 
called mirror symmetry. This symmetry can be understood as a duality establishing that for 
each Type IIA on a threefold Xg there exists a Type IIB on a different "mirror" threefold Yg . 
It has a particular property, actually the one that gives his name, it exchanges the roles of the 
Kahler and complex moduli in such a way that the Hodge diamonds of both CY manifolds 
are related by a mirror relation: 

/ii,i(X6) = /i2,i(Y6) (2.25) 
/i2,i(X6) = /ii,i(Y6) (2.26) 

In addition, mirror symmetry exchanges the role of Type IIA D(2p)-branes and Type 
IIB D(2p -|- l)-branes. It means that D6-branes wrapped in (special Lagrangian) 3-cycles 
are T-dual (or mirror symmetric) to D3, D5, D7 or D9-branes wrapping even-dimensional 
holomorphic cycles Sa- 



The BPS conditions of Type IIB D-branes on a compact manifold Yg are given by 

^(2,0) ^ (2.27) 
Im (^e-^*e-^+^yi(r5j) = (2.28) 

where is a non-trivial holomorphic gauge bundle, J is the Kahler 2-form, A is the A-roof 
genus encoding the D-brane curvature couplings and Tg^ is the tangent bundle of Sa- 



The phase e^"^ depends on the homology class of holomorphic cycles. This phase will 
be fixed by the orientifold projection. Moreover, the way in which the geometric orientifold 
action TZ acts in the internal space, establishes two possibilities: 

For = I : TZ{J) = J, TZ{n) = n (2.29) 
For = : TZ{J) = J, TZ{n) = -Q (2.30) 
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These two possibilities of TZ over the holomorphic and Kahler forms are given by a particular 
kind of Type IIB orientifold compactifications, more specifically: 

For = ^ : 03 and/or 07 planes (2.31) 
For = 0: 05 and/or 09 planes (2.32) 

As in the case of Type IIA, orientifold projections in Type IIB are very useful in order 
to obtain globally supersymmetric Calabi Yau compactifications, but the origin of chirality 
is again related to the open string sector and hence to the presence of D-branes in these 
compactifications. 



Like in Type IIA, in Type IIB there exists a cancellation of RR tadpoles among D-branes 
and 0-planes and as a consequence, for each compactifications with 0(2p + l)-planes there 
must be the corresponding D(2p + l)-branes in order to cancel their RR charges. Namely, 
for 07-planes, 03-planes, 05-planes and 09-planes there will be respectively be D7-branes, 
D3-branes, D5-branes and D9-branes. In this context and following Eq. (2.31) and Eq. (2.32) 
we can conclude that systems of D7/D3 and D9/D5 branes fulfill BPS conditions. 

A useful tool to understand the chirality in Type IIB is looking to the mirror or T-dual 
map of Type IIA: 

Type IIA in 06/D6 models Type IIB 03/D3 and/or 07/D7 models 

(2.33) 

Type IIA in 06/D6 models Type IIB 05/D5 and/or 09/D9 models 
There are two simple examples of chiral Type IIB orientifolds: 

• Magnetized D-branes on toroidal compactifications, i.e. with non zero J-' gauge bundle 
background (the so called open string fluxes). Prototypical examples of that are the 
models of magnetized D9 or D7-branes. 

• Systems of D3/D7 (03/07) or D5/D9 (05/09) in orbifold (orientifold) sigularities. A 
particularly attractive class of models for these systems corresponds to D3-branes at 
singularities [43]. 



2.3.2 Magnetized D-branes 

We are now going to focus in the case of magnetized Type IIB D-branes [44-46]. Let us 
consider the bosonic part of the two-dimensional open string sector action on the worldsheet 

+ [ dTAi{x)drX' (2.34) 
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where g and R are the world-sheet E internal metric and the associated Ricci scalar, and Gf^^, 
B^y, <I> and Ai are the target-space background fields that we are going to consider constant. 
If we vary Eq. (2.34) respect to X^^ fields, then we will find that those fields satisfy the usual 
two-dimensional wave equation. 

Now let us suppose a Dp-brane where the X^ fields act as coordinates such that 
world volume coordinates are X* with i = 0,...,p and transverse coordinates X"^ where 
m = p + 1,...,9. Then, the boundary conditions of the wave equation for X^ fields are 
the boundary conditions at o" = 0, vr on the D-brane. However in this case this conditions are 
a little bit different from the usual Neumann {daX^ = 0) boundary conditions: 

d^X'+FprX^ = (2.35) 
X™ = (2.36) 

where J- is the invariant fiux on the brane in terms of the antisymmetric tensor B and the 
gauge field strengh F = dA expressed in the following way 

F = -= + 2TTa'F. (2.37) 
v G 



If we consider, for simplicity, that all the components are zero excepting those of the 
(4, 5)-plane, one has F = Fyi = —^n and the boundary conditions for this plane will be: 

d^X^^FdrX^ = 

FdrX^-d^X^ = (2.38) 

In order to see the explicit T-duality with Type IIA we can parametrize F = tan04^5 
and hence Eq. (2.38) can be reexpressed as 

daX^\^=o = cosOi^d^X^ + sin^455r^^|^=^ = (2.39) 
daX^l^^^ = -smei5drX^ + cos945daX^\^^^ = (2.40) 

These conditions coincide with Eqs.(2.9, 2.10) exchanging Neumann and Dirichlet boundary 
conditions drX^ o d^^X^, which corresponds to T-duality along the direction. A oscilla- 
tor mode expansion with that boundary condition will correspond to a system of D-branes 
intersecting at ^45 angles in the (4,5)-plane. 

This argument can be generalized to an ab open string stretched between two D-branes 
with magnetic fluxes Fa and Ff, respectively, in this case the parametrization will be given 

by 

9ab = arctan — arctan/";, (2-41) 
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2.3.3 Magnetized D-branes in toroidal orientifold compactifications 

One of the interesting properties of T-duahty between Type IIA and Type IIB is the fact 
that ah the features of intersecting branes in toroidal and orientifold compactifications can 
be recovered for the case of magnetized branes. 

In order to understand the duality for the case of toroidal compactifications with mag- 
netized D-branes we are going to suppose a vanishing B-iield so that J- = Ina'F. The total 
magnetic flux F in the T^ obeys a flux Dirac quantization condition given by 

m F = 27rn (2.42) 

where n G Z is the quantum of F flux and m represents the multiplicity of times that a D- 
brane is wrapped in one of the cycles. Actually, a single D-brane wrapped m times generates 
a [/(m) gauge group, i.e., each time is a U{1) factor. Eq. (2.42) can be generalized to a Na 
stack of D-branes in a factorizable T^ 




(2.43) 



where now indicates the i-th 2-torus T^ in which D-branes are wrapped and with units 
of U (l)a magnetic flux. 

It is interesting to realize that a stack Na of D-branes wrapping a cycle nia times will 
generate a U{Nama) gauge group. Notice that both n and m are topological numbers be- 
cause they do not depend on the geometry and describe completely the system. This pair 
of numbers (n, m) characterizes a magnetized D-brane in Type IIB and are T-dual to the 
wrapping numbers on non-trivial cycles on the dual in Type IIA. 

As in Type IIA the open string sector is constructed among different stacks of D-branes. 
As it was argued above, the gauge group produced by each stack of D-branes is U{Nama) and 
U{Nhmb) respectively and therefore the open string sector will have a U{Nama) x U{Ni,mi,) 
gauge group with ab open string fermions transforming in (□„, D^) bi- fundamental represen- 
tations of this group. In particular for two stacks of D-branes wrapped rua and times and 
supposing the large volume so that the magnetic fields are diluted [18,47], this group is 
broken down by the and monopole quanta of open string flux F through 

UiNama) X UiN^mf,) ^ C/(iVa)™" X UiN^r^ ^ C/(iV,) x C/(iV,) (2.44) 

and hence there will be an splitting of the original bi-fundamental in the following way 

(□a, □;,) ^ (gg,... , Dfe,...) ^ mambiOa, Ofe) (2.45) 
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The first breaking can be interpreted as passing from the local to the global point of 
view, i.e. locally a D-brane wrapped several times (m times) is like having a stack of m 
branes whose positions conmmute (due to U{Na)'^'^). From the field theory point of view it 
is like we would be seeing KK modes but when we change to global perspective we realize 
that among these KK modes, there is no KK zero mode. The second breaking is nothing but 
realizing that all the m stacks are actually the same brane and therefore it is like dealing with 
a branch-cut of a multivalued function in a complex plane in such a way that the wrapping 
of the D-brane around a non-trivial cycle could be interpreted as non-trivial monodromy in 
the brane topology. 



Regarding chirality, the reason why Type JIB string theory after dimensional reduction 
contains chiral fermions arising from the KK reduction of lOd chiral fermions from (□„, □;,) 
is due to the non zero index of the Dirac operator coupled to the gauge bundle. In this case 
the index for T^ is given by 

ind Pa,= ^ [ {Fa -Fb) = ^-^ (2.46) 

Following this line we can realize that the chirality for the case of magnetized D-branes 
is field-theory-like and similar to the one used in heterotic models. In this sense, the origin 
is different from the case of intersecting branes where it comes from the geometrical aspects 
of the D-brane system. Moreover, the number of these lower dimensional chiral fermions in 
the (Da, □&) is given by mavab times the index in the following form 

lab = marUb^ I {Fa - Fb) = UaTUb - maUb (2.47) 

which is totally equivalent to the T-dual case of intersecting D6-branes in Type IIA, see 
Eq. (2.19). 

One interesting property that can be observed from the developed Chern-Simons part 
of D-brane action for vanishing B-field 

Scs = Aip I / Cp+i + {2na') Cp_iAtrF 
\JWp+i JWp+i 

+ J(2W)2 /" Cp^sAtrF^-— 1— /" Cp-3AtrR2 + ...] (2.48) 
2 Jwp+i 24(87r^) Jwp+i J 

is that the description for a given Dp-brane implies automatically other kinds of lower dimen- 
sional D-branes. For example if we consider Na D9a-branes in such that they wrap mjj 
times on the i-th 2-torus (T^)j with units of magnetic flux in (T'^)j therefore the complete 
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system is given by 

D9 {nl,ml){nl,ml){nl,ml) 

D7 ^ {l,0){nlml)inl,ml) 

D5 ^ (ni,mi)(l,0)(l,0) 

D3 ^ (1,0)(1,0)(1,0) 

wliere = (1,0) means that those lower dimensional branes are localized at a point in the 
corresponding (T^)j. Therefore a Dp-brane with non-trivial gauge bundle can be seen as a 
Dp-brane where the lower dimensional D-branes allowed by the CS couplings have been dis- 
solved and hence the chiral spectrum can be interpreted as the sum of intersection numbers 
between their elementary components. 

Given that intersection numbers are defined by topological properties associated to the 
homology, it is interesting to define the homology class of the magnetized D-brane. It can be 
done in a similar way as we defined [Ha] in Eq. (2.17) by introducing the homology classes 
[0]j, which corresponds to the point where lower dimensional branes are seated, and [T^]j for 
the each i-th 2-torus class such that 

3 

[QJ=nK[T^]^ + <[0]i) (2.49) 

i=l 

From this expression we realize that the number of chiral fermions Eq. (2.47) can be also 
expressed as the product of homology classes: 

lab = [Qa] ■ [Qb] (2.50) 

Another consequence of the CS action in Eq. (2.48), is the fact that D-branes with 
open string fluxes are sources for the RR even-degree forms. In particular, for the case of 
D9-branes Cio, Cs, Cq and C4. This implies the existence of RR tadpoles that, as in the 
case of Type IIA, signal an inconsistency of the theory. Like in Type IIA, the consistency 
condition of RR cancellation is given by 

J2^a[Qa]=0 (2.51) 
a 

This condition will be modified by the action of orientifold projections. A particularly 
interesting example of that is the case of magnetized D7-branes on the T^/ (Z2 x Z2) orientifold 
which is constructed with the T^/(Z2 x Z2) orbifold modded out by r27^i7^2'^3(— 1)^^ , where 
TZi acts as — t- — Zj. In this model the gauge sectors of the model are localized on intersecting 
D7-branes with magnetic fluxes. The model contains 64 03-planes and 4 07-planes and in 
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order to cancel the RR tadpoles there are D9a-branes and their orientifold mirrors 09^/- 
branes. In this case the tadpole cancellation conditions will be given by 

J2 + E - 32[QoJ = (2.52) 

a a 

Other interesting models which include also realizations of GUT constructions are de- 
veloped in e.g. [48]. 



2.4 F-theory unification 

The SL{2, Z) self-duality symmetry in Type IIB string theory [49] has as a consequence the 
appearance of new degrees of freedom, the so called {p, g)-branes. We need a good frame- 
work to describe these new objects in Type IIB, in particular the (p, g)7-branes or simply 
7-branes. A useful way to describe Type IIB compactifications with 7-branes in a generic 
situation is called F-theory [50]. In the other hand SL(2,Z) connects the perturbative and 
non-perturbative regimes of Type IIB string theory, allowing us to go further in the knowl- 
edge of non-perturbative compactifications of Type IIB string theory [50,51]. In this sense 
F-theory is for Type IIB like M-theory is for Type IIA. 

Nevertheless, F-theory, unlike M-theory, does not correspond to a Lorentz invariant 
higher dimensional theory. In other words, we are not dealing with a fundamental theory. 
F-theory should be thought of as a non-perturbative description of a class of string vacua 
which is accessible from other string descriptions in certain limits [52]: 

• F-theory as (strongly coupled) Type IIB theory with 7-branes and varying dilaton. 

• F-theory as dual to x Eg heterotic theory. 

• F-theory as dual to M-theory on a vanishing T^. 

In this section we will concentrate on third and the first ones following very closely [52] , [53] 
and [54]. We want to understand the relation between Type IIB orientifold compactifications 
and F-theory in order to apply them to phenomenological issues [55-58]. Moreover the F/M- 
theory duality is the one that captures the dynamics in the most general way, as we will see, 
because it gives a geometric meaning to the SL(2, Z) self-duality in Type IIB string theory. 

2.4.1 SL(2,Z) in Type IIB 

If we consider Type IIB string theory at strong coupling gg ^ oo and we recall that the mass 
scale for Dp-branes is given by M ~ a'~^^'^gs ^^^^^^^ then it is inmmediate to see that the 
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fundamental object of the theory at strong couphng is the Dl-brane. But a Dl-brane is a one 
dimensional object, i.e. a string, showing that the dual theory in strong regime is governed 
by strings as well so that we can say that it is also a string theory. Moreover, at strong 
coupling, the supersymmetry of the theory is still given by a lOd J\f = 2 chiral supergravity 
multiplet, and therefore we are again talking about a Type IIB string theory but where the 
fundamental object is a Dl-brane. 



This connection between strong and weak regimes is giving us hints of an underlying 
invariance — )■ ^ . This is in agreement with the fact that the Type IIB effective supergravity 
action written in Einstein frame displays an invariance under the so called Type IIB S- 
duality [49]: 






V 








(2.53) 



In Type IIB supergravity the axion Co and dilaton (p interchanges with the dilatino A 
under supersymmetry transformations. Then, it is interesting to construct the axio-dilaton 
field by complexifying the pair axion-dilaton in the supergravity action through r = Co + 
= Co + ^. Using this field composition, S-duality can be promoted to a larger SL{2, R) 



invariance for the Einstein frame Type IIB supergravity action 



ar + b 
cr + d' 




(2.54) 



where ad — be = 1. This symmetry is broken at non-perturbative level to SL{2, Z). Notice 
that it would not be able to be a symmetry of the theory because if a, b, c and d G M 
then the charge Dirac quantization condition would be broken. But actually, quantization is 
preserved by the subgroup SL{2, Z) which is the one that continues as invariance of the theory. 



The SL{2, Z) symmetry exchanges Fl (fundamental strings) and Dl branes (see Eq. (2.53)) 
due to the fact that fundamental strings couple to B2 NSNS 2-form and Dl-branes couple 
electrically to C2 RR forms. It seems appropiate to combine Fl and Dl-brane into a doublet 
of SL{2, Z) such that Fl-string is a (1,0) vector and Dl-brane is a (0, 1) one. However it is 
possible to make more general transformations with Eq. (2.54) transforming a (1,0) vector 
into a general (p, g)-vector. This general {p, g)-strings carries p units of B2 electric charge 
and q units of C2 electric charge. Such objects exist as supersymmetric bound states for 
p, q coprime [27]. Finally, it is interesting to be aware that 5'L(2,Z) has the same formal 
properties than the modular group. Actually the arising of F-theory comes from trying to 
give a modular- like meaning to this SL{2, Z). 
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2.4.2 F-theory from the geometry of elliptic fibrations 

Let us recall that T-duality relates Type II A compactified to 9d on a of radius R with Type 
IIB on a dual of radius R' = a' /R. On the other hand Type IIA at strong coupling limit 
is equivalent to a lid M-theory compactified in in the decompactification limit. Therefore 
there is a duality between M-theory on a and Type IIB on a S^. In this equivalence one 
can identify the Type IIB axio-dilaton r with the complex structure parameter r = R2/Rie^^ 
of the on which M-theory is compactified. 

There is also a relation between the radius R of and the area of T^, A = R1R2 sin9 
given by Mf^A ~ 1/R. Therefore, in the decompactification limit i? — > 00 the T^ area 
vanishes. That corresponds to collapsing one of the 1-cyles of the T^. In this limit wc have a 
duality between Type IIB in lOd and M-theory in and we can give a geometrical meaning 
to SL(2, Z) self-duality of Type IIB string theory: it corresponds to the modular group of 
M-theory compactified on in the vanishing area limit A — > 0. This idea is valid not only 
for two-torus but in general: 

F - theory on /C x 5^ o M - theory on /C (2.55) 

F-theory is nothing but this idea of giving a geometric meaning to SL{2, Z) as a modular 
group where the axio-dilaton is the modular parameter. Therefore it can be interpreted as a 
limit (A — > 0) of a M-theory compactification in a manifold expressed as a fibration (elliptic 
fibration, sec later). For the simplest case of lOd Type IIB oricntifold, this geomctrization 
would correspond to constructing a theory such that when is compactified in a torus fibration 
(identifying the axio-dilaton with the torus complex structure) we recover Type IIB string 
theory. This 12d theory is what we understand by F-theory and in this case the torus fibration 
is a trivial fibration given by direct product of lOd Minkowsky with as fiber 

T^ Mio X 

i (2.56) 

Alio 

Because the fibration (actually the fiber bundle) is trivial, the fiber is the same for each point 
of the base space, i.e. the axio-dilaton is constant for all the lOd Minkowski space. As a 
matter of fact, this 12d theory on is equivalent to lid M-theory on a in the vanishing 
area limit in which a new dimension grows. Notice that the extra 2d of F-theory is an artifact 
for achieving the 2-torus which is giving the geometric meaning to SL{2, Z), but they are not 
physical space dimensions. 

Now we can generalize the previous idea to other manifolds which are not trivial fiber 
bundles such that fiber is able to have a different value in each point of the base space. This 
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implies: 

i (2.57) 
Mp 

where = such that 

i (2.58) 

In our case the fiber is a two torus, if we denote z as the base of complex coordinates, 
then the complex structure will depend on them as r = t(z). Following this argument we 
can conclude that F-theory is a way of compactifying type IIB avoiding the restriction of a 
constant complex dilaton. 



This kind of fibrations are called elliptic fibrations because the can be described 
algebraically as: 

y"^ = + fx + g (2.59) 

where x and y are complex variables and / and g are complex parameters. This equation 
is called Weierstrass equation and is a general form to describe an elliptic curve. Elliptic 
curves are therefore, topologically, two-torus. The way to describe the elliptic fibration on a 
certain manifold is promoting / and g to functions of the base coordinate z. It is interesting 
to emphasize that the zeros of the discriminant of the cubic Eq. (2.59) 

A = 27^2 + 4/3 (2.60) 

are describing the singularities of the elliptic curve. This corresponds to the points where 
t(z) diverges to ioo, which geometrically can be viewed as one of the {p, g)-cycles of the 
collapsing to zero. 



2.4.3 F-theory from D7-brane backreaction 

Another way to access to F-theory is through the backreaction of D7-branes. In general, the 
description of perturbative Type II orientifolds with D-branes is done neglecting the backreac- 
tion of the branes and orientifold planes on the background geometry because asymptotically 
away from them it is really negligible. It can be explained heuristically through the Poisson 
equation for the background fields sourced by the brane [52] . These sourced fields are asymp- 
totically zero excepting the critical case of branes with codimension 2. This is precisely the 
case of D7-branes in Type IIB string theory. D7-branes or more generically (p, g)7-branes 
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expanded along 0, ..,,7 look like charged point particles localised in the two normal direc- 
tions. 7-branes are Cs electrically charged and magnetically charged with Co, which combines 
with Qs to form the complex dilaton. If we define a complex coordinate with 7-brane normal 
coordinates z = + ix^ , it turns out that the axio-dilaton is a function of {z^z) but due to 
supersymmetry conditions, it must be a holomorphic function of z t{z). It is possible to see 
that the Poisson equation solution is given by 



for a region very close to the brane z = zq. 

Eq. (2.61) shows a branch cut in zq and hence there exists a monodromy associated. 
Schematically it means that passing around a circle surrounding the D7-brane in z-plane the 
complex dilaton transforms as 



which is equivalent to a SL(2, Z) transformation (see Eq. (2.54)) with a = d = l,c = and 
6 = 1 and hence monodromies leave invariant the theory. In terms of brane sourced fields 
it means that the relation Fi = dCo is not globally defined because Cq shifts Co — )■ Co + 1. 
That allows us to conect with the F/M-theory point of view because on zq (on top of the 
7-brane) r diverges. In terms of F/M-theory duality this would be equivalent to A(zo) = 0, 
and that is the reason why we say that generically in the z's where the elliptic fibre pinches 
off there exist a 7-brane seated at this point. 

2.4.4 GUT's in local F-theory models 

One of the most powerful features of F-theory is the fact that the precise way in which an 
elliptic curve is pinching off can admit a classification in terms of the ADE Dynkin diagrams 
which is known as the Kodaira classification of singular fibres. Depending on this classifi- 
cation, the gauge groups of the 7-branes have An, Dn or exceptional £"6,7,8 algebras. This 
corresponds to gauge groups SU{n + 1), S0{2n), Eq, Ej and Eg. This is an important prop- 
erty since allows for the existence of SU{5) or SO{10) GUT symmetries. 

A second useful property is that, just as in perturbative Type IIB string theory, space- 
time filling 7-branes occupy the same subspace in the internal directions, and then we can 
use the already known methods in the perturbative theory for engineering higher dimensional 
gauge theories. Let us consider for instance the case of realistic 4d compactifications of F- 
theory. We will use an elliptic fibration of a CY fourfold which locally is a complex threefold 
with a T^ fibered on top of each point. This would be equivalent to compactify Type IIB 



t{z) = To + —ln{z - Zq) + ... 



(2.61) 




(2.62) 
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string theory in a Bq but with a non trivial complex string coupling. In the non-perturbative 
regime we will have 7-branes in the points of base space in which the two-torus have a col- 
lapsed 2-cycle. 




Figure 2.5: Matter fields live at matter curves. These niatter curves (10 and 5) correspond to the 
intersection of the 7-branes wrapping a 4-cycle S with other U{1) 7-branes. 

Both D7-branes in the perturbative level and 7-branes in the non-perturbative language 
will fill 4d Minkowski and will be wrapped on 4-cycles (or 2-folds in the complex space). 
Moreover those 4-cycles will generically be intersecting in a 2-cycle, i.e. a complex curve, 
which in F-theory jargon is often called matter curve E. In these kind of constructions, 
chiral matter lives at the intersection of 7-branes corresponding to an enhanced degree of the 
sigularity. In Fig. 2.5 is shown an scheme for the case of a SU{5) F-theory GUT, for which 
the enhancement is unfolded as 

SU{6) SU{5) X [7(1)' (2.63) 

35 ^ 24o -Mo + [5i + c.c] (2.64) 

50(10) ^ SU{5) X U{1)" (2.65) 

45 ^ 24o + lo + [IO4 + c.c] (2.66) 

The GUT group lives on 7-branes whose 4 extra dimensions beyond Minkowski wrap a 
4-cycle S. This S manifold is inside a 3 complex dimensional manifold B3 where the 6 extra 
dimensions are compactified. There is also the possibility of two matter curves Si and S2 in 
the base 5 to intersect in a point. This would correspond to a triple intersection of 7-branes. 
At the intersection of Si and S2 the rank of the singularity type would be increased in two 
units. 

For the case of local F-theory models involving a SU{5) GUT symmetry, there is one 
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Figure 2.6: Intersection matter curves of chiral and Higgs multiplets of a SU{5) GUT model with 
tlie intersection points leading to Yukawa couplings 

matter curve for each SU{5) rep. and at the intersection of matter curves with Higgs curves 
Hu, Hd we obtain Yukawa couplings, as is iUustrated in Fig. 2.6. The gauge bosons live in 
the bulk of S whereas quarks, leptons, and Higgsses are localized in complex curves inside 
S. Chirality is obtained by adding a [/(I) magnetic background in the underlying 7-branes 
with gauge group U{1). 

Thus the gauge group in F-theoretical 7-branes goes beyond what one can get in per- 
turbative Type IIB orientifold L)7-branes in which only SU{n + 1) and S0{2n) gauge groups 
may be obtained. Furthermore in F-theory the matter content in models with SO{2n) gauge 
symmetry may include spinorial representations which are not present in perturbative IIB 
orientifold compactifications. This is important since e.g. it allows for an underlying S'O(IO) 
GUT structure which contains SM fields in 16-dimensional spinorial representations. In ad- 
dition, it also allows the construction of SU{5) GUT's with a 10 • 10 • 5 Yukawa coupling. 
This coupling is forbidden in D-brane models at perturbative level since a perturbative U{5) 
coupling of the form IO2 • IO2 " 5i is not invariant under the U{1) C U{5). It can however 
arise in F-theory from a point of an enhanced exceptional Eq symmetry 

Eg SU{5) X U{1) X [/(!)' (2.67) 
78 ^ Adjoints + [(10, -1, -3) + (10, 4, 0) + (5, -3, 3) + (1, 5, 3) + c.c] (2.68) 

Note that a 10 • 10 • 5 coupling is now allowed by the U{1) symmetries. This solves the top- 
Yukawa problem which appears in Type IIB orientifolds and is realized at the intersection 
of four 7-branes as is shown in Fig. 2.6. Concerning the case of leptonic and down-quark 
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Yukawas, they are contained in a coupling 10 • 5 • 5 which arises in an 50(12) enhancement: 

50(12) ^ SU{5) X U{1) X U{iy (2.69) 
66 Adjoints + [(10, 4, 0) + (5, -2, 2) + (5, -2, 2) + c.c] (2.70) 

which is allowed both in the perturbative and non-perturbative realizations of Type IIB ori- 
entifolds through the intersection of branes (see Fig. 2.6). 



Finally, F-theory gives us a natural framework for GUT's. This is a very nice char- 
acteristic of heterotic compactifications but it is not so easy to find in Type II orientifold 
compactifications. Conversely, and unlike the heterotic case, all the tools of local Type II 
Calabi-Yau orientifolds can be used in F-theory and therefore one can adopt a bottom-up 
approach. Hence, in a first analysis, one can ignore the global characteristics of the Calabi- 
Yau, the fixing of the moduli etc. and one can simply assume that the local F-theory model 
will be eventually embedded in a global model. In conclusion, F-theory is inheriting the good 
features of Heterotic and Type II orientifold compactification. 



2.5 Type II 4d effective action for 03/07 orientifolds 

We are going to focus now our attention on the 4d effective action of the Type IIB Calabi-Yau 
orientifold^. The bosonic = 1 supergravity action will contain terms as 

S = - f \r + KjjDAf A *DM-^ + ^Ref^AF" A *F^ + ^Imf^AF'' A F^ + V + ... (2.71) 

where the scalar potential V is given by 

V = e'' [k'^DiWDjW - 3|Ty|2 + 1 (^^^ D^D^ (2.72) 

and where denote all complex scalars in chiral multiplets present in the theory and K^j is 
a Kahler metric satisfying K^j = djdjK^M, M). The scalar potential is expressed in terms 
of the Kahler-covariant derivative DjW = djW + {diK)W. Finally / is the gauge kinetic 
function. 



2.5.1 Kahler potential 

As we said for the case of Type IIB orientifold Calabi-Yau compactifications, one projects 
the string spectrum over 0,TZ invariant states, O being the worldsheet parity operator and TZ 
some particular order-2 geometric action on the compact CY coordinates. That operation 
leaves invariant certain submanifolds of the compact CY variety corresponding to orientifold 

^For reviews on orientifold models see [60] . 
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planes. We further concentrate on the case in which these orientifold planes are 0(3) and 
0(7) planes. In the first case the 0(3) planes are volume filling (i.e. contain Minkowski space) 
and are pointlike on compact space. The 0(7) planes will also fill Minkowski space and wrap 
orientifold invariant 4-cycles in the CY space. Global consistency of the compactification 
will in general require the presence of volume filling D3- and D7-branes, the latter wrapping 
4-cycles E4 in the CY. MSSM fields will appear from open strings exchanged among these 
D-branes. 

The closed string spectrum will include complex scalars, the axidilaton S, Kahler mod- 
uli Ti and complex structure Un fields defined as [18] 

S = - + iCo ^Tj = — L-Vol(S,) + id; Un = [ n, (2.73) 

where gs is the D = 10 IIB dilaton, S((t) are 4(3)-cycles in the CY and $7 is the holomorphic 
CY 3-form. Here Cp, p = 0,4 are Ramond-Ramond (RR) scalars coming from the dimen- 
sional reduction of antisymmetric p- forms. In terms of these the = 1 supergravity Kahler 
potential of the moduli is given by 

K{S,Ti,Un) = -logiS + S*) - 21og(Vol[CY]) - log[-i jnAU]. (2.74) 

To get intuition it is useful to consider the case of the (diagonal) moduli in a purely toroidal 
X X orientifold. There are 3 diagonal Ti Kahler moduli with ReTj = y^^AjAk, 
i ¥^ j ¥^ ^1 being the area of the i-th 2-torus. The complex structure moduli Un, n=l,2,3 
coincide with the three geometric complex structure moduli Tj of the three 2-tori. One then 
obtains 

K = -log{S + S*) - log{U.,{Ti + Tn) -log(n„(rn + <)). (2.75) 

In equations Eq. (2.74) and Eq. (2.75) N = 1, D = 4 string effective actions one recognizes 
the standard log (no-scale) structure of the Kahler potential. The gauge interactions and 
matter fields to be identified with the SM reside at the D7, D3-branes and/or their intersec- 
tions. 

In order to get a semirealistic model we need D-brane configurations giving rise to 
chiral gauge theories. In the classes of IIB models here considered one can classify the ori- 
gin of chiral matter fields in terms of five possibilities which are pictorially summarized in 
Fig. 2.7. The worldvolume theory of D7-branes is 8-dimensional supersymmetric Yang-Mills 
and contains both vector A and matter scalar (f) multiplets (plus fermionic partners) before 
compactification to D = 4. The first class of matter fields a) come from massless modes of 
the gauge multiplet fields inside the D7 worldvolume (plus fermionic partners). The case 
b) corresponds to massless modes coming from the D = 8 scalars (j) which parametrize the 
position of D7-branes in transverse space (plus fermionic partners). The case c) corresponds 
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D3 



a) b) c) d) e) 

Figure 2.7: Different origin of matter fields in 1)7/1)3 configurations, a) States from reduction 
of gauge fields A within the D7 worldvolume; b) From reduction of D=8 fields </> parametrizing 
the D7 position; c) From two intersecting D7-branes; d) From open strings between a D2> 
and a D7; e) From open strings starting and ending on D3 branes. 

to massless fields coming from the exchange of open strings between intersecting L'7-branes. 
Open strings between D2> and D7 fields give rise to matter fields of type d) whereas matter 
fields living fully on D2> branes correspond to type e). Generically, in order to make those 
zero modes chiral in D = 4 additional ingredients are required. In particular, there should 
be some non-vanishing magnetic field in the worldvolume of the L'7-branes. In the case of 
Z)3-branes one may obtain chirality if they are located at some (e.g. orbifold) singularity in 
the compact CY space. 

In principle SM fields could come from any of these five configurations but, as we will 
see, there are a number of constraints which reduce considerably the possibilities. For the 
moment let us state that there are specific semirealistic constructions in which SM fields live 
in any of these five configurations. For example, in section 9.1 of [61] there are examples 
in which SM particles reside in the a,b and d type of open strings above. Models with 
SM particles in (33) branes at singularities have been discussed in [43,62,63]. Concerning 
the c) configurations, they appear in magnetized L'7-brane models which are mirror to IIA 
intersecting D6-brane models [60,64-68]. 

Kahler metrics for toroidal orientifolds 

For illustration, we consider now the form of the Kahler metrics in a factorized 6-torus, keep- 
ing only the diagonal moduli. These are the untwisted moduli present in Z2 x Z2 orientifold 
compactifications. Let us consider a factorized 6-torus x x T^, for this case the complex 
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structure moduli^ is given by 

Tj = -^{Aj + iejx ■ ejy) (2.76) 

where Cjx and ejy are the two-torus T? lattice vectors. On the other hand from Eq. (2.73) 
we have the Kahler moduh [69] 

Tj = e-'^'° ^ + iaj;j^k^i (2.77) 

where aj are the axions that arise from the RR 4- form C4. And finaUy we recaUl that the 
complex dilaton S is given by 

S = e-'^io + iao (2.78) 

where oq is a zero mode from the RR Cq form and e~'^^° is the string coupling constant 
gs = e~'^^° . For convenience we define 

s = S + S ■ ti = T, + f, - Ui = U, + Ui. (2.79) 
After the compactification to four dimensions the gravitational coupling is Gat = k^/Stt 



where 



and the four-dimensional dilaton is given by 

1 



4 = <Aio - ^ log(AiA2^3/a'^) (2.81) 



so that in terms of Eq. (2.79) 



(2.82) 



2 

We are going to consider compactifications with a MSSM sector with a Kahler potential 
developed in terms of chiral matter fields Cq, as 

K = k{M, M) + Kij{M, M)CiCj + ^ ^[Z/j(M, M)CiCj + c.c] + ... (2.83) 
i,J i,J 

where M = S,Ti,Ui are the string moduli and the Kahler potential for these string moduli 
is given by 

3 3 

K^k{M, M) = - log s - ^ log ti-Y^ log Ui. (2.84) 

2=1 i=l 



''Note that the toroidal complex structure tj is equal to the moduli field Uj that appears in the D — 4: 
Type IIB supergravity action. 
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Concerning the chiral matter fields Cq,, tfiey belong to the open string sector. If we 
consider the five types of matter fields discussed above (see Fig. 2.7), they correspond in the 
toroidal/orbifold case to states with a brane structure 

a = {fr)j ; b = ifr)i ; c = (7*7^) ; d = (Sf) ; e = (33), , i^j, (2.85) 

where the superindices label the three types of D7*-branes whereas the subindex in the 1-st, 
2-nd and 5-th cases correspond to the complex planes j = 1, 2, 3. Following the notation of 
Ref. [69], we wih label them as Cj = Cj% Cj% C'^''^^ , C^^' and Cf respectively 

We will therefore distinguish between 'untwisted' states, those corresponding to open 
strings beginning and ending on the same stack of branes and 'twisted', the ones which corre- 
spond to open strings living at the intersection of different stacks of D-branes. The untwisted 
sector gives 3 massless chiral multiplets in a toroidal setting (it also gives a gauge multiplet as 
usual in D-branes) which transform in the adjoint of the group of the stack of branes. In par- 
ticular, Cj' and cf describe the position of the brane in the transverse and Cj' describes 
the Wilson lines on the two internal complex dimensions. The twisted sector corresponds to 
massless chiral multiplets transforming in the bi-fundamentals of the D-brane gauge groups. 
In addition we consider a diagonal Kahler metrics for the matter fields Kjj = i.e. the 
metrics vanish when J ^ I. 



The general expresions for the Kahler metrics for the untwisted sector are given in 
[71,72] and in our notation have the following form 



K K or 3 



a'Ai 



m\Ai + ia'ri. 
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'a'Aj 
AiAi 



AiAk 
m\Ai + ia'n\ 



m\Ai + ian\ 



if 



mlAj + ia'nl 



if i^j 



(2.86) 



(2.87) 



with j ^ k ^ I ^ j = 1,2,3 the wrapping numbers and i = a,b,c the stack of D7-branes. 
These correspond to cases a) and b) of Eq. (2.85). These expressions are valid for the case 
Zi2 X Zi2 orbifold orientifolds. Similar expressions may be obtained for other orbifolds. 



In order to calculate the metric of twisted sector of magnetized D-branes on toroidal 
compactifications (cases c) and d) of Eq. (2.85)) we need to remember that is the magnetic 
flux going through the i-th 2-torus which may be written as 

= nX— )'/', (2.88) 
tjtk 

with n* quantized integer fluxes, and that 

d{f^ = arctan(F^^') - arctan(F^) . (2.89) 
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We also define 



1^1 



eh 



vr 



(2.90) 



which z)i + z>2 + ^'3 = 0. With this we can construct ui such that < < 1 and 1^1 + 1^2 + 1^3 = 2 
in the following way 

l + i^i if Pi < 



(2.91) 



if > 



With these definitions one obtains for the general expression for the Kahler metrics for 
twisted sector^ 



or 37; = e'^" [[U;"' 



n 

1=1 



(2.92) 



where Uj are the real parts of the complex structure moduli, F is the Euler Gamma function. 
These will correspond to states coming from open strings in between (magnetized) branes 
DT, or DT with L>3^ embedded into, wrapping different 4-tori. See App. A for an 
application to a new MSSM-like model. 



As discussed in [70-72], using first order expansion terms without fluxes of Eq. (2.86), 
Eq. (2.87) and Eq. (2.92) (see also the example in App. A), the Kahler metrics corresponding 
to Eq. (2.85) brane configurations are 

^c]^ = ^ ; ^cj» = \ ; ^c^^^. = ' ^C3^. = ^17^ ; Kc-s = ^ . (2.93) 

Notice that we have not included here the dependence on the complex structure fields f/„, 
which will play no role in modulus dominated SUSY-breaking that we will develope in Sec. 3. 
Notice also that all metrics are flavour diagonal at this level. In terms of the overall Kahler 
modulus t = ti we will thus have for the the chiral field metrics in this toroidal case [21]: 

Ka = ; C = 0, 1/2, 1 . (2.94) 

where fields in Eq. (2.85) of type a), d) and e) have modular weight ^ = 1, and those of type 
c) have ^ = 1/2 and type b) has ^ = 0. 



Kahler metrics beyond the toroidal setting 

Toroidal orientifolds are very special in some ways and we would like to see to what extent the 
above findings generalize to more general IIB CY orientifolds. In particular D7-branes wrap 

^Notice that the definition of the parameter ui in the way as we have introduced it, is in order to have 
positive gamma function arguments. 
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Figure 2.8: The SM 7-branes wrap local 4-cycles of size t in a CY whose (larger) volume is 
controlled by tf,. 



4-tori whose volume are directly related to the overall volume of the compact manifold and 
then the Kahler moduli appearing in the MSSM effective action are directly related to the 
overall volume of the tori. This is unnecessarily restrictive. One would expect more general 
situations in which the Z)7-branes wrap local cycles whose volume need not be directly related 
to the overall volume of the CY. An example of this is provided by the 'swiss cheese' type of 
compactifications discussed in [73-78] (see also [79]). In this class of more general models one 
assumes that the SM resides at stacks of L'7-branes wrapping 'small cycles' in a CY whose 
overall volume is controlled by a large modulus tf, (see fig. 2.8) [73,74]: 

Vol[CY] = tl^^ - h{ti), (2.95) 

where h is a homogeneous function of the 'small' Kahler moduli tj of degree 3/2. The 
simplest example of CY with these characteristics is the manifold P^-^ 1 1 e 9] '^^^ich has two 
Kahler moduli with [80] ^ 

Vol[CY] = tl^^ - t^/\ (2.96) 

It is important to emphasize that, in contrast to the assumptions in [73,74], we will 
not necessarily assume that th in Eq. (2.96) is hierarchically larger than the tj, rather we will 
just assume that tb is big enough so that an expansion in powers of ti/th makes sense. In the 
SUSY-breaking analysis in the next chapter we will consider for simplicity the dependence 
on a single small Kahler modulus t and take both tb and t sufficiently large so that the 
supergravity approximation is valid. In this case one can write a large volume expansion for 
the Kahler metrics of the form [73-75] 

Ka = —— , (2.97) 

h 

with the modular weights discussed above. Note that for tb = t one would recover the 
form for the metric we found in toroidal cases (ignoring have the s-dependence, irrelevant 



''For discussions for the multi Kahler moduli case see [76,78,79]. 
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in our SUSY- breaking analysis). The precise values of and hence the Kahler metrics for 
matter fields may be computed using scaling arguments as is shown in Sec. 2.5.2. 

2.5.2 Modular weight possibilities and Yukawa couplings 

We are going to consider now the case of modular weights beyond the toroidal setting. 
Although for Eq. (2.97) the explicit computation of the t-dependence used in toroidal models 
of Sec. 2.5.1 is not directly applicable, one can use arguments based on the scaling of Yukawa 
couplings to indirectly compute the ^q,'s. The idea [75] is to recall that the physical Yukawa 
couplings Yap-y among three fields $q, after normalization is given in = 1 supergravity by 

y(0) 

f . = ^^^-TTTT, (2.98) 

where Y^^^f is the unnormalized Yukawa coupling which in Type IIB orientifolds is known to 
be holomorphic on the complex structure fields C/„ and independent of the Kahler moduli 
Ti (at least at the perturbative level we are considering). From that we conclude (using 
eqs. (2.95-2.97)) that the physical Yukawa coupling scales with t like 

Y^p^ ~ ti/2(C.+?/3+«7 - 3) ^ (2.99) 

Note that the dependence on the large modulus tf, has dropped to leading order in 
This is expected since the wave functions of the matter fields are localized at the small cycles 
and the Yukawa couplings are local quantities, expected to be independent of the overall 
volume. On the other hand one can estimate the t-scaling of the physical Yukawa couplings 
by noting that in Type IIB string theory those may be found by computing overlap integrals 
of the form 

Y^p^ ~ j dx^ -^^-^p^-^ , (2.100) 

where the integration is dominated by the overlap region of the three extra dimension zero 
mode states ^. This assumes those internal wave functions to be normalized: 

■^a? = j = j 1^-7!' = 1- (2.101) 

There are several possible Yukawa coupling structures. However, we are going to fo- 
cus on the intersecting D7-branes possibilities because it is the one motivated from F-theory 
models as we saw in Sec. 2.4. Consider first the case of three sets of D7i branes i=l,2,3, 
each overlapping with each other on a complex curve of real dimension two. Then the mat- 
ter fields at each intersection C^'^^ C^^^'^C^''''' overlap over a 2-dimensional space and, given 
Eq. (2.101), their wave function would scale like 1/i? ~ t~^f^. For a trilinear coupling to exist 
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the three Dl branes overlap in this case at a point so that the physical Yukawa should scale 
like Y ~ [l/t^/^f = t-^l^. This agrees with (2.99) if the three chiral fields at intersecting 
L)7-branes have = 1/2. 



Using a similar argument, one can calculate the Yukawa coupling of type C ' ^ C ^ *(7j \ 
One finds that bulk fields of type ' have = 1 . Finally from the existence of couplings of 
type Cj^Cj'C^^ one gets that the zero modes from fields of type C^' have = 0. In sum- 
mary, there are essentially only three Yukawa coupling options corresponding to the modular 
weight distributions' (1/2,1/2,1/2), (1/2,1/2,1) or (1,1,0). From now on we will denote 
these three options by (I-I-I), (I-I-A) and (A-A-c/)) respectively. 



Note that for tb t the Kahler metrics from (2.97) will then have the same t-scaling 
that we found for the different type of zero modes A, cj), I in the toroidal case. Notice also that 
the above results are rather general and independent of the particular geometry as long as one 
can approximate the scaling behaviour with a single local Kahler modulus. Note also that 
one can only extract information on the sum of the three modular weights (not the individual 
ones) and obviously only in models in which those trilinear couplings actually exist. 

2.5.3 Gauge kinetic function 

The gauge kinetic function in Type II orientifolds may be obtained from the D-brane action. 
More specifically from de DBI part of the action 

Sdbi = -f^p J e-Vdet(G + S-27ra'F), /ip = ^ ^^^^^^ (2.102) 

and expanding to quadratic order in gauge field strength F one obtains the inverse of the 
gauge coupling constant for a Dp-hrane 

^ = -"'7^1^V°l(n,-3) (2.103) 

this expression is particularly simple in the case of a factorized T^. The real parts of the 
gauge kinetic functions for the groups arising in D7i and -03 are calculated from the expression 
[71,72,81] 

(27r)&a'^ gf 
For a D3-brane and a D7 brane wrapping a 4-cycle one gets the simple result 

/d7. = T, ; fD3 = S. (2.105) 



'^There also exist other type of couplings, e.g. (1, 1, 1), but they lead to no SUSY-breaking soft terms to 
leading order. 
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We apply all these formulae on a toroidal MSSM-like example in App. A. 



2.5.4 Subleading effects from magnetic gauge fluxes 

In previous sections we have mentioned that getting chirality of the massless D = 4 spectrum 
in general requires the presence of magnetic fluxes'^ on the worldvolume of D7 or F-theory 
7-branes. So a natural question is how these fluxes may modify the Kahler metrics of matter 
fields and the gauge kinetic functions associated to 7-branes. In the large t limit the magnetic 
fluxes are diluted and one expects this effect to be subleading. To flesh out this expectation 
we study in this subsection how the presence of magnetic fluxes affects the effective action 
in the well studied case of toroidal/orbifold perturbative IIB orientifolds. The presence of 
fluxes affects in the same manner perturbative and F-theory compactifications so one expects 
similar corrections to appear in more general CY orientifolds or F-theory compactiflcations. 



As was discussed in Sec. 2.3, in configurations with sets of overlapping D7-branes in 
generic 4-cycles, chirality is obtained by the addition of magnetic fluxes. In the case of 
toroidal/orbifold IIB orientifold models the corrections to the Kahler metrics coming from 
magnetic fluxes have been computed in [71,72]. The results for states coming from strings 
within D7s wrapping the same cycle is 

^o;. = ?i1t^i ■■ Xci' = jd + li^'i^'l), (2.106) 

where i ^ j ^ k label the 3 2-tori and is the magnetic flux going through the i-th 2-torus 
which may be written as 

= n'{^f'\ (2.107) 

with quantized integer fluxes. For states coming from open strings in between (magnetized) 
branes Dl"", D7^ wrapping different 4-tori one has from Eq. (2.92) 



1 -s\ 



(2.108) 

abJ 



where uj are the real parts of the complex structure moduli, F is the Euler Gamma function 
and 

e{f^ = arctan(F/) - arctan(F^) . (2.109) 
The gauge kinetic functions are also modifled in the presence of magnetic fluxes as 

Reft = Tail + \FiF^\) . (2.110) 



*These open string gauge fluxes should notbe confused with antisymmetric RR and NS fluxes which may 
break SUSY and come from the closed string sector. 
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These results apply for the case of a toroidal and/or orbifold setting. However we can 
try to model out what could be the effect of fluxes in a more general setting following the 
above structure. To model out the possible effect of fluxes we consider again the limit with 
ti = t and diluted fluxes \Fi\ = F, i.e. large t and ignore the dependence on the complex 
structure Ui fields. Then from the above formulae one obtains the dilute fiux results 

Kr^ = J ; K 7^ = - (l + aij) , (2.111) 

1 5^/2 
^C^-'" = (5l/2il/2)(l + Jlj2^ ' (2.112) 

Re/i = t + aiS , (2.113) 

where Oj, Cab are constants (including the flux quanta) of order one. The limit of Eq. (2.108) 
has been obtained by expanding the Gamma functions for dilute flux^ and ignoring the 
dependence through the complex structure fields Ui. The above three formulae may be 
summarised by [21]: 

K^aUer = ^ X (1 + C,(./t)^-«) = ^ + f , (2.114) 

with some fiux-dependent constant coefficient whose value will depend on the modular 
weight ^ and the magnetic quanta. This means that the addition of fiuxes has the effect in 
all cases to add a term which goes like 1/t. Heuristically, we know that with the addition of 
large fluxes the Z)7-branes turn into localized branes, very much like DS-branes and we know 
that matter fields for L'S-branes have kinetic terms which go like 1/t. This would explain the 
modulus dependence of the last term in eq.(2.114). 



Note that in the diluted flux limit {s/t — t- 0) one recovers the metrics we discussed 
above. Note also that the metric for the matter flelds of type (7*7*)j, j 7^ i does not get cor- 
rections to leading order. As we will see, this will imply that fields with modular weight ^ = 1 
will remain massless even after SUSY-breaking. This will be phenomenologically relevant, as 
we will discuss in the numerical analysis. 



For a non-toroidal compactification one expects analogous flux corrections to exist with 
^ = 0, 1/2, 1 corresponding to chiral fields of types (p, I and A respectively. One can easily 
generalize this to the case in which t is the local modulus coupling to the MSSM in a CY 
whose volume is controlled by a larger modulus ti,, as we discussed in section (2.3). From the 
above expressions one then finds a Kahler moduli dependence of the matter metrics of the 
form [21] 

Kmatter = — (1 + C^t^ ) = —— + T ' (2-115) 

tb tb tb 

complete expression in terms of Gamma and Beta functions was discussed in the example of the 
appendix. 
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as a generalization of eq.(2.97). We have ignored here the expHcit dependence on s and 
the complex structure, not relevant for the computation of soft terms. Note that the flux 
correction actually will depend on the large modulus tb rather than on the local modulus t. 



With the knowledge of the matter metrics and gauge kinetic function we can address the 
computation of SUSY-breaking soft terms. The MSSM superpotential W has the general 



Here Wq is a moduli dependent superpotential (including typically a flux-induced constant 
term which controls the scale of SUSY breaking). The C" are the SM chiral superfields and 
Hu^d the minimal Higgs multiplets. In our computations below we are going to assume that 
there is an explicit /i-term in the Lagrangian which can be taken (at least in some approxi- 
mation) as independent of the Kahler moduli tb, t. A simple origin for such a term is again 
RR and NS fluxes. Indeed, it is known that certain SUSY preserving fluxes may give rise to 
explicit supersymmetric mass terms to chiral flelds, //-terms (see e.g. [61,72,82-84]). If in 
addition there are SUSY-breaking fluxes a i?-term and the rest of soft terms appear. These 
two kind of fluxes are in principle independent so that one can simply consider an explicit 
constant (moduli independent) ^u-term in the effective action as a free parameter. On the 
other hand, if both the origin of the //-term and SUSY-breaking soft terms is fluxes, it is 
reasonable to expect both to be of the same order of magnitude, solving in this way the 
/X problem^*^. However, in the general formulae below we will allow for the presence of a 
Giudice-Masiero term of the form Z{T,T)HuHd + h.c. in the Kahler potential [85]. 

The form of the effective soft Lagrangian obtained is given by (see e.g. [86]) 
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form 



W = Wo + -fiHuHd + 



(2.116) 




(2.117) 



An alternative to get a Higgs bilinear could be the presence of an additional SM singlet chiral field X 
coupling to the Higgs fields like XHuHd- It is trivial to generalize all the above formulae to this NMSSM case. 
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with 



Ma 

ml 
B 



1 



(ml/2 + Vo) - F'^F'^drndn logKa , 



Km + dm logyjj^^ - dm \og{K^KpK^) 

jw* 



(2.118) 
(2.119) 
(2.120) 



rHKH^ kh,)-"^ IM"''^''" f^^™ t^'" 

- dmlog{KH^KH^)] - 7713/2) 

+ (2777^/2 + Vq)z- my^F^dfnZ 
+ m^i^F^ [dmZ - Zdm \og{KH^KH,)] 

- F^F^ [dmdnZ - idmZ)dn\og{KH^KH,)]} , 



(2.121) 



where Vq is the vacuum energy which is assumed to be neghgibly small from now on. Here 
and A" are the scalar and gaugino canonically normalized fields respectively 



> = (i?e/„)V2A», 



and the rescaled Yukawa couplings and /j, parameter 

.(0) 

a/3' 

w 



yy^l pK/2 ^-l/2 

a/37 IVt^l KJ^aJ^pJ^-fj , 



\w\ 



e^/V + ^3/2^ - F'"dmZ ) {Kh^KhJ 



-1/2 



(2.122) 
(2.123) 



(2.124) 
(2.125) 



have been factored out in the A and B terms as usual. We will apply all these formulae on 
the computation of soft terms in the next chapter. 
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3 

Modulus dominated SUSY breaking phenomenology 

in Type IIB orientifold models 



In this chapter we will apply the physics of the previous chapter in order to calculate SUSY- 
breaking soft terms corresponding to modulus dominance in Type IIB orientifold/F-theory 
models. We will not assume a definite mechanism which fixes all moduli and then compute 
the soft terms but rather the reverse. We will assume that the auxiliary field of a local 
Kahler modulus is the dominant source of SUSY-breaking in the MSSM sector. Under these 
assumptions we will end up with very definite patterns for the low energy SUSY spectrum. 
Finally we will study the phenomenological viability under certain assumptions. This kind 
of calculus and analysis is interesting because if low energy SUSY exists we may measure the 
mass of the SUSY particles (sleptons, squarks, gluinos...) at LHC, and the value of squark 
and gluino masses would provide information about how is the SUSY masses pattern and 
therefore how is the breaking of SUSY. Conversely, a measurement of the SUSY spectrum 
of sparticles a the LHC would also provide an experimental test for large classes of string 
compactifications leading us to rule out them or to go further in their analysis. Most of the 
results in this chapter are based on the papers [21] [22]. 



3.1 Construction of semirealistic Type II string vacua 

With the advent of the Large Hadron Collider (LHC) Particle Physics is entering into a 
new era in which a wealth of theoretical models, scenarios and ideas are being tested. One 
of the most prominent ideas beyond the Standard Model (SM) is low energy supersymme- 
try (SUSY) and its simplest implementation, the Minimal Supersymmetric Standard Model 
(MSSM). Although at the moment no sign of supersymmetric particles has been seen, there is 
at least one recent LHC result which points in the direction of supersymmetry. The 2011 run 
of LHC has restricted the most likely range for the Higgs particle mass to be 115.5 — 131 GeV 
(ATLAS) [87] and 114.5 - 127 GeV (CMS) [88]. In addition, there are hints observed by 
both CMS and ATLAS of an excess of events that might correspond to 77, ZZ* — )• 4/ and 
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WW* — )• 21 decays of a Higgs particle with a mass in a range close to 125 GeV. Interestingly, 
such values for the Higgs mass are consistent with the expected range < 130 GeV for the 
hghtest Higgs in the MSSM. 

Although in qualitative agreement with MSSM expectations, the hints of a 125 GeV 
Higgs are slightly uncomfortable for models like the Constrained Minimal Supersymmetric 
Standard Model (CMSSM), in which the complete SUSY spectra is determined in terms of 
a few universal soft supersymmetry-breaking parameters M, m, A, B, and fx [89]. Indeed 
lighter Higgs masses of order 110 — 115 GeV are generic in the CMSSM parameter space. 
In order to get values as large as 125 GeV one needs to have heavy stops with a sizable 
LR-mixing and large values of tan f3, leading typically to a very heavy SUSY spectrum. In 
fact it has been noted [90-93] (see also [94,95]) that the areas of the CMSSM parameter space 
compatible with 125 GeV Higgs show a very strong preference for the region with A ~ —2m 
if the SUSY spectrum is not to be very heavy ^. But why should nature be centered in that 
peculiar corner of parameter space? 

A possible explanation for relations among soft terms like, e.g., A and m requires go- 
ing beyond the general assumptions underlying the CMSSM scheme and being more specific 
about the origin of SUSY breaking. The CMSSM boundary conditions are obtained in su- 
pergravity mediation schemes with unification (GUT-like) constraints and universal kinetic 
terms for all the SM matter fields. In order to get relations among the M, m. A, M, fi pa- 
rameters one needs very specific classes of low energy = 1 supergravity models. It is here 
where string unification models arising from specific classes of string compactifications may 
be useful. 

As we saw in previous chapter, in low-energy supergravity models coming from string 
compactifications the gauge kinetic functions as well as the kinetic (Kahler metrics) terms 
of the SM fields are not arbitrary and depend on the moduli of the corresponding string 
compactification. If the auxiliary fields of the moduli are the source of SUSY-breaking, spe- 
cific relations among the different soft terms are obtained. These have been worked out for 
heterotic vacua [98-101] (see e.g. Ref. [86] for a review and further references) and gen- 
eralized for the more recent case of Type II orientifold compactifications [21,83]. See also 
Ref. [74, 102, 103] and references therein for explicit SUSY-breaking models in Type II orien- 
tifolds. 

With the advent of the D-brane techniques it has been possible to construct Type II 



'^Note in passing that a 125 GeV Higgs is difficult to accommodate in tlie simplest gauge and anomaly 
mediation scenarios since ^4 = in these schemes, see Refs. [92,96,97]. 
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string orientifold configurations of branes yielding a massless spectrum close to that of the 
MSSM (see Ref. [18] for a review). As we reviewed in the previous chapter, a particularly 
successful scheme is the one based on Type IIB orientifolds with the SM fields residing on in- 
tersecting 7-branes and their non-perturbative generalization, F-theory. One of the attractive 
aspects of this large class of compactifications is that it is well understood how the presence 
of antisymmetric field fluxes and possibly non perturbative effects can give rise to a complete 
fixing of the moduli of the compactification [104] (for reviews see Refs. [18, 105, 106]). In 
addition, the large number of possible fluxes allows to fine-tune the vacuum energy to a small 
but positive value, in a way compatible with a non-vanishing positive cosmological constant. 
Besides fixing the moduli, such fluxes in general give rise to soft SUSY breaking terms for 
the MSSM fields in semirealistic compactifications [61,69,72,82,84,107]. In particular, it 
has been found that certain ISD (imaginary self-dual) fluxes correspond to the presence of 
Kahler modulus dominated SUSY-breaking, providing an explicit realization of gravity me- 
diation SUSY-breaking in string theory. 



3.2 Kahler moduli dominated SUSY-breaking in string theory 

It is well known that, within the mentioned scenarios, the Kahler moduli in string compact- 
iflcations have a classical no-scale structure [108] in such a way that one can obtain SUSY 
breaking with a vanishing (tree level) cosmological constant. This is true both in the Het- 
erotic as well as Type I, Type IIB orientifold and other compactiflcations and corresponds to 
having non- vanishing vacuum expectation values for the auxiliary fields of the Kahler moduli. 
In Type IIB Calabi-Yau (CY) orientifolds this corresponds to string compactifications with 
spontaneously broken SUSY solving the classical equations of motion [109]. It has also been 
shown [61,72,82,109] that in those Type IIB orientifolds such SUSY-breaking corresponds 
to the presence of RR and NS antisymmetric tensor fiuxes in the compactification. Such 
compactifications will generically have non-vanishing fiuxes so it looks like a most natural 
source of supersymmetry breaking in string theory. The scale of SUSY breaking may be hier- 
archically small if the flux in the compact region where the SM sector resides is appropriately 
small. So in what follows we will assume the dominance of Kahler moduli in SUSY breaking. 

We are going also to assume that all SM gauginos get a mass through this SUSY- 
breaking mechanism at leading order. This has a phenomenological motivation, it excludes 
large classes of string compactiflcations including perturbative heterotic compactiflcations. 
Type I string compactiflcations and Type IIB orientifolds with the SM residing on DS-branes 
at local singularities. In all these classes of compactiflcations the gauge kinetic function is 
independent of the (untwisted) Kahler moduli to leading order so that modulus dominance 
does not give rise to gaugino masses. This argumentation leave us just with Type IIB ori- 
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entifold compactifications with MSSM fields residing on D7 branes (or tlieir intersections) 
and their non-perturbative F-theory extensions. Alternatively one may consider the mir- 
ror description in terms of Type IIA orientifolds with the MSSM fields living at D6-branes 
(or their intersections) or their non-perturbative extensions from M-theory compactified on 
manifolds with G2 holonomy. Being in principle equivalent we will concentrate in the case of 
the MSSM chiral fields residing in the bulk of D7-branes or at the intersection of DT-branes 
(or F-theory 7-branes) since at present little is known about the effective action of M-theory 
compactifications in manifolds with G2 holonomy (see [103] for work in this direction). 

The unification of couplings is one of the most solid arguments in favour of the MSSM 
[110]. We will thus also impose that gauge couplings of the MSSM unify. A simple way in 
which this is achieved is having at some level some SU{5), 50(10) or Eq symmetry relating 
the couplings. This unification structure may be obtained most naturally in F-theory ^. It 
requires that the 7-branes associated to the SM gauge group all reside in the same stack. 
Note that this does not imply the existence of an explicit GUT structure since the symmetry 
may be directly broken to the SM at the string scale. The value of the gauge coupling is 
related to the (inverse) size of the 4-volume Vj wrapped by the 7 branes. There is a Kahler 
modulus whose real part t is proportional to this volume V7. This is the local modulus which 
will be relevant for the generation of the MSSM SUSY-breaking soft terms. In particular we 
will assume that a non- vanishing VEV for the auxiliary field of this local Kahler modulus t 
exists giving rise to gaugino masses and other SUSY-breaking soft terms. 

The final assumption we will make, requires the existence of at least one Yukawa cou- 
pling of order g (the MSSM gauge coupling constant), the one giving mass to the top quark^. 
That means that there should exist a trilinear superpotential coupling a Higgs field to the left 
and right-handed top quarks through cubic Yukawa couplings. As it was shown in Sec. 2.5.2 
such a cubic Yukawa couplings of order one may only be present for couplings of type (A-A- 
(f)) (I-I-A) or (I-I-I) in the context of Type IIB orientifold models with chiral fields living in 
Z)7-branes (as well as for more general F-theory configurations). It was also shown that these 
chiral fields come in three classes depending on their geometric origin: A-fields (from the 
vector multiplets A in the D = 8 worldvolume action of the 7-brane and fermionic partners) , 
(/)-fields (from D = 8 scalar (j) multiplets and fermionic partners) and I-fields (fields from the 
intersection of different 7-branes). The existence of this large top Yukawa coupling allowed 
us to use the arguments of Sec. 2.5.2 to compute the corresponding modular weights ^q. 

■^It is also naturally obtained in heterotic string compactifications. However in the perturbative heterotic 
case modulus dominated SUSY breaking does not give rise to SUSY breaking soft terms to leading order, due 
to the classical no-scale structure. 

^Masses for the rest of quarks and leptons, being much smaller, could have their origin alternatively in non- 
renormalizable Yukawa couplings and/or non-perturbative (e.g. string instanton) effects. That is extremely 
unlikely in the case of the top-quark. 
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3.3 Supersymmetry breaking and soft terms 

Following Sec. 2.5.1 we will assume here that the SM resides at stacks of 7-branes wrapping 
a 4-cycle S (of size controlled by a Kahler modulus t) in a 6-manifold whose overall volume 
is controlled by a large modulus tb » t. In the F-theory context these moduli t, % would 
correspond to the size of S and -B3, as it was developed in Sec. 2.4. As in Sec. 2.5.1, we can 
model out this structure with a Kahler potential of the form [73-75] 

G = -21og(tf - t3/2) + log|T^|2, (3.1) 

with t = T + T* being the relevant local modulus. The gauge kinetic function and Kahler 
metrics of a MSSM matter field Cq will be given to leading order by'^ 

fa = T ; = ^— . (3.2) 

It is important to emphasize that what is relevant here is the no-scale structure of the mod- 
uli Kahler potential and that analogous results would be obtained in a more general CY 
or F-theory compactification with more Kahler moduli as long as we assume that our local 
modulus t is smaller than the overall modulus tb so that an expansion on t/tb is consistent. As 
emphasized in [73-75] the soft terms obtained for the local MSSM 7-branes will only depend 
on the local modulus t and the value of its auxiliary field Ft and will not directly depend on 
the large moduli. Note that, being a Kahler modulus, assuming Ft ^ corresponds to the 
assumption of the presence of non-vanishing SUSY-violating antisymmetric ISD fluxes [109] 
in the region in compact space where the SM 7-branes reside. 



Applying Eq. (2.118), Eq. (2.119), Eq. (2.120) and Eq. (2.121) with the Kahler metrics 
and gauge kinetic functions implemented in last sections, and keeping in mind that in Type 
IIB orientifolds the holomorphic perturbative superpotential is independent of the Kahler 
moduli so that the derivatives of Y^^'^ in the expression for A vanish, we obtain general soft 
terms (for tb ^ t ) as follows: 

M = ^, (3.3) 

ml = {l-Ca)\M\^ , a = Q,U,D,L,E,Hu,Hd, (3.4) 

Au = -M(3 - -Cq- ^u) , 

Ad = -M(3 - ^H, -Cq- Cd) , 

Al = -M(3 - ^H, - a - ^e) , 

B = -M{2-iH^-iH,) ■ 



"^We will ignore here the dependence of the Kahler potential on the axidilaton and complex structure fields 
since they play no role in the computation of the soft terms under consideration, at least to leading order in 
a'. 
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Note that the dependence on the SUSY-breaking from the large modulus tb disappears to 
leading order and the size of soft terms is rather controlled by the local modulus t. In 
particular, gaugino masses corresponding to the SM gauge groups depend only on the modulus 
of the local 4-cycles they wrap, rather than the large volume modulus tb- These gaugino 
masses set the scale of the SUSY-breaking soft terms. As in [73-75] here the gravitino mass 
will be given approximately by the auxiliary field of large moduli, ~ ~Ftb/'tb^ with 

corrections suppressed by the large volume tb- One can check that all the bosonic soft terms 
above may be understood as coming from the positive definite scalar potential 

VsB = {I - io.)\daW - M*C*J^ + J2UdaW\^- (3.5) 

a a 

The positive definite structure may be seen as a consequence of the 'no-scale' structure of 
modulus domination and is expected to apply also in more general F-theory compactifications. 

Within the philosophy of gauge coupling unification we will assume unified modular 
weights: 

^/ = = Cu = Cd = £.L = Ce - (3.6) 

This is also reasonable within e.g. an F-theory approach with an underlying GUT-like sym- 
metry like S'O(IO) in which one expects all fermions to have the same modular weight. One 
also expects flavour independent modular weights, since different generations in these mag- 
netized models come from different Landau levels with identical couplings to leading order in 
a' - So we will assume a universal modular weight ^/ for all quarks and leptons. Concerning 
the Higgs multiplets we have seen that they can have S^h = 0, 1, 1/2 and hence there is no 
reason why they should have the same modular weight as chiral fermions. We will however 
assume that both Higgses have the same modular weight = ^Hu = Ch^^ ^is would also be 
expected in models with an underlying left-right symmetry. 

Under these conditions the summary of the soft terms obtained for the three possibilities 
for brane distributions with consistent Yukawa couplings, {A-A-(j)) , (I-I-A) and (I-I-I) are 
shown in Tab. 3.1. 





Coupling 


M 


ml 






A 


B 


(1,1,0) 


(A-A-0) 


M 










-M 


-2M 


(1/2,1/2,1) 


(I-I-A) 


M 


|M|2 
2 


2 





-M 





(1/2,1/2,1/2) 


(I-I-I) 


M 


|M|2 
2 


2 


2 


-3/2M 


-M 



Table 3.1: Modulus dominated soft terms for choices of modular weights which are consistent 
with the existence of a large trilinear Yukawa coupling in 7-brane systems. 
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Note that in the scenarios with couplings {A-A-c/)) and (I-I-A) it is natural to assume 
that the Higgs field is identified with fields of type (p and A respectively and these are the 
cases displayed in the table. Concerning the B parameter it is obtained assuming an explicit 
//-term. 

We will study the phenomenological viability of these three options in the next sections. 
Since the cases with couplings (I-I-A) and (I-I-I) only differ in the origin of the Higgs fields, 
and hence in the values of their modular weights, they will give rise to a similar phenomenol- 
ogy. For this reason, we will analyse the general case in which the Higgs modular weight is a 
free parameter, and regard examples (I-I-A) and (I-I-I) as the limiting cases with £,h = I 
and = 1/2, respectively. Notice that this can be understood as if the physical MSSM 
Higgs was a linear combination of two fields with the correct quantum numbers, one of them 
living in the intersection of two DT-branes and the other one in the bulk of one of them. On 
the other hand, the case with couplings (A-A-cp) is unrelated to the previous ones and will 
be studied separately. 



3.3.1 Corrections to soft terms from magnetic fluxes 

The Kahler metrics and gauge kinetic functions used in the computations above correspond to 
the leading behaviour in a' . It is interesting to estimate what could be the effect of subleading 
terms coming from possible magnetic fluxes in the 7-branes, as discussed in Sec. 2.5.4. We 
know that the presence of such fluxes is required to get chirality. To do that we can use the 
results for the Kahler metrics given in the diluted flux approximation in Eq. (2.115). We find 
for the soft terms the results [21]: 



M = —, (3.7) 

t + as' ^ ^ 

I p |2 n J 'i 



B 



Note that for matter fields coming from a D = 8 vector multiplet (modular weight = 1) the 
scalar terms are still zero and get no flux correction. In the computation of the i?-term an 
explicit /i term independent on t, tfj has been assumed. We will make use of these formulae 
to try to estimate the effect of fluxes on the obtained low energy physics below. 
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3.4 Electroweak symmetry breaking 

We are now ready to extract the low energy implications of the MSSM soft terms hsted 
in Tab. 3.1. We wiU use those values as boundary conditions at the string scale which 
we will identify with the standard GUT scale at which the MSSM gauge couplings unify. 
We will solve numerically the Renormalization Group Equations (RGEs) and calculate the 
low energy SUSY spectrum. We will also impose standard radiative electroweak symmetry 
breaking [112]. 

3.4.1 Radiative EW symmetry breaking and experimental constraints 

The minimization of the loop-corrected Higgs potential leaves the following two conditions, 
which are imposed at the SUSY scale, 



where tan f3 = {Hu) / {Hd) is the ratio of the Higgs vacuum expectation values and m'jj ^ 
correspond to the Higgs mass parameters. It should be noted that our choice for the sign of 
the ^ parameter, consistent with our convention for the superpotential (2.116), is opposite 
to the usual one. 

A usual procedure consists then in fixing the value of tan f3 and use the experimental 
result for Mz to determine the modulus of the n parameter via eq.(3.11). The B parameter 
is then obtained by solving Eq. (3.12). In this approach, once the modular weights which 
describe the specific model are given, the only free parameters left are the common gaugino 
mass, M, the value of tan /3 and the sign of the ^ parameter (not fixed by condition Eq. (3.11)). 

On the other hand, given that the value of the bilinear soft term, B{Mgut)^ is also a 
prediction in these constructions (dependent on the source of the /i term) a more complete 
approach consists in imposing it as a boundary condition for the RGEs at the string scale. 
Conditions (3.11) and (3.12) can then be used to determine both tan/3 and /U as a function 
of the only free parameter, M. Note that this is a extremely constrained situation and it is 
not at all obvious a priori that solutions passing all experimental constraints exist. 

It is not possible to derive an analytical solution for tan/3 from Eqs.(3.11) and (3.12), 
since the Higgs mass terms depend on tan /3 in a non-linear way. Furthermore, tan (5 is 
needed in order to adjust the Yukawa couplings at the GUT scale so that they agree with 
data. Thus, to find a solution an iterative procedure has to be used where the RGEs are 




(3.11) 



(3.12) 
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numerically solved for a first guess of tan (3 using the soft parameters as boundary conditions 
at the GUT scale. The resulting B at the SUSY scale is then compared with the solution of 
Eq. (3.12). In subsequent iterations, the value of tan/3 is varied, looking for convergence of 
the resulting B{Msusy)- It is not always possible to find a solution with consistent REWSB, 
and this excludes large areas of the parameter space. In our analysis we have implemented 
such iterative process through a modification of the SPheno2.2.3 code [113]. 

Once the supersymmetric spectrum is calculated, compatibility with various experi- 
mental bounds has to be imposed'^. We have taken into account the constraints obtained 
by LEP on the masses of supersymmetric particles, as well as on the lightest Higgs bo- 
son [111]. We will analyze the impact of recent LHC Higgs limits in Sec. 3.5. Also, the 
experimental limits on the contributions to low-energy observables have been included in our 
analysis. More specifically, we impose the experimental bound on the branching ratio of the 
rare 5 — )• 57 decay, 2.85 x 10~^ < BR(& — )• 57) < 4.25 x 10~^, obtained from the experimental 
world average reported by the Heavy Flavour Averaging Group [114], and the theoretical 
calculation in the Standard Model [115], with errors combined in quadrature. We also take 
into account the upper constraint on the {B^ — )■ fj.'^fi^) branching ratio obtained by CDF, 
BR(Bg —7- fi^ji^) < 5.8 X 10^^ at 95% c.l. [116]. As we said, more recent limits are included 
in the analysis in Sec. 3.5. 

Regarding the muon anomalous magnetic moment, a constraint on the supersymmet- 
ric contribution to this observable, o^^^^, can be extracted by comparing the experimental 
result [118], with the most recent theoretical evaluations of the Standard Model contribu- 
tions [119-121]. When e+e" data are used the experimental excess in = {g^ — 2)/2 would 
constrain a possible supersymmetric contribution to be a^^^^ = (27.6 it 8) x 10~^^, where 
theoretical and experimental errors have been combined in quadrature. However, when tau 
data are used, a smaller discrepancy with the experimental measurement is found. Due to 
this reason, in our analysis we will not impose this constraint, but only indicate the regions 
compatible with it at the 2a level, this is 11.6 x 10"^° < af^^^ < 43.6 x 10"^°. 

Assuming R-parity conservation, and hence the stability of the LSP, we also investigate 
the possibility of obtaining viable neutralino dark matter. This is, in the regions of the pa- 
rameter space where the neutralino is the LSP we compute its relic density by means of the 
program micrOMEGAs [122], and check compatibility with the data obtained by the WMAP 
satellite [123], which constrain the amount of cold dark matter to be 0.1037 < Qh'^ < 0.1161. 

^Some of the bounds and constraints imposed in the calculation of this section haven been updated in 
recently. The new values of fe — >■ S7 and {B^ — )■ fi'^ fj,~) are presented in Sec. 3.5.1 and used for the study in 
detail of the (I-I-I) configuration phenomenonlogy. Nevertheless, concerning the conclusions of the analysis of 
this section the old values are sufficient. 
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The value of the mass of the top quark is particularly relevant. In our computation in this 
section, we have used the central value corresponding to the measurement by CDF [124], 
mt = 172 lb 1.4 GeV. We will briefly comment on the effect that deviations from this quantity 
may have on REWSB. 

The presence in SUSY theories of scalar fields which carry electric and colour charges 
can lead to the occurrence of minima of the Higgs potential where charge and/or colour sym- 
metries are broken when these scalars take non- vanishing VEVs. If these minima are deeper 
than the physical (Fermi) vacuum, the latter would be unstable, i.e. unbounded from below 
(UFB). The different directions in the field space that can lead to this situation were analysed 
and classified in [125]. It was found there that the most dangerous direction corresponds to 
the one labelled as UFB-3, where the stau and sneutrino take non-vanishing VEVs, since the 
tree-level scalar potential could even become unbounded from below. These UFB constraints 
were found to impose stringent constraints on the parameter space of general supergravity 
theories [126], as well as in different superstring and M-theory scenarios [127,128]. In our 
study we will comment on the constraints which are derived when the absence of such charge 
and/or colour-breaking minima is imposed^. 

In order to understand the effect of all these experimental and astrophysical constraints 
we have performed a scan over the gaugino mass parameter, M, and tan/3 for the three 
different consistent models that were specified in Tab. 3.1. We will discuss first the results 
obtained without imposing the predicted boundary condition for B and analyse the effect of 
this constraint in the following subsection. 

3.4.2 The intersecting 7-brane (I-I-I)-(I-I-A) configurations 

As commented at the end of Sec. 3.3, we will analyse these two cases together within the 
framework of a generic scenario in which the modular weight for the Higgs is a free parameter. 
In this approach, can take any value between = 1/2, which corresponds to case (I-I-I), 
and 1^// = 1, as in case (I- 1- A). The soft parameters for such a model can be extracted from 
(3.5) and read 



■L,E,Q,U,D 



|M|V2, 



(3.13) 




{1-^h)\M\\ 
-M(2 - ^h) , 
-2M(1 - ^h) . 



B 



''Strictly speaking, the existence of a global charge and/or colour-breaking vacuum cannot be excluded if 
the lifetime of the metastable physical minimum is longer than the age of the Universe, as is usually the case. 
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tan/S tan/J 

Figure 3.1: Low-energy supersymmetric spectrum as a function of tan/3 for = 1/2, 
(left) and = 1 (right) with M = 400 GeV and fi < 0. From bottom to top, the sohd 
lines represent the masses of the lightest neutralino, the lightest chargino, and the gluino. 
Dashed lines display the masses of the lightest stau and lightest sneutrino. Dot-dashed lines 
correspond to the stop and sbottom masses. Finally, the lightest Higgs mass, the pseudoscalar 
Higgs mass and the absolute value of the n parameter are displayed by means of dotted lines. 
The ruled area for large tan /3 is excluded by the occurrence of tachyons in the slepton sector. 



A sample of the resulting supersymmetric spectrum is represented in Fig. 3.1 as a function 
of the value of tan /3 for M = 400 GeV and ^ < for the two limiting cases = 1/2 and 
= 1. As evidenced by the plot, despite the fact that the slepton mass squared terms 
are always positive at the GUT scale, the running down to the EW scale can lead to the 
occurrence of tachyonic eigenstates for large tan/3. This is typically the case of the lightest 
stau. The negative contribution to the RGEs governing the stau mass parameters increases 
with tan (3, since it is proportional to the lepton Yukawa, which varies as 1/ cos /3. As a conse- 
quence, the stau mass decreases towards large values of tan /3, first becoming the LSP (which 
in the S^h = 1/2 example occurs for tan/3 > 35), then falling below its experimental lower 
bound and eventually turning tachyonic. This sets an upper constraint on the possible value 
of tan/3 (which obviously increases for larger values of M). The effect of this constraint is 
more important when is small, since the trilinear parameter is larger (more negative) 
and enhances the negative contribution in the RGEs of the stau mass parameters. Thus, the 
bound tan/3 < 45 for ^ = 1/2 is relaxed to tan /3 < 55 with ^ = 1. 

Another interesting feature is that the resulting value for calculated from Eq. (3.11), 
turns out to be relatively large, of order 1.5 M (see Fig. 3.11). Similarly, the pseudoscalar 
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Higgs (as well as the heavy neutral and charged Higgses) is also heavy, decreasing for large 
values of tan /3. When the value of increases the predicted pseudoscalar mass is slightly 
smaller. 

The rest of the properties of the spectrum are less sensitive to variations in the Higgs 
modular weight. For small values of tan/3 the lightest neutralino is typically the LSP in this 
example. Since the value of the /i parameter is always large, the lightest neutralino is mostly 
bino-like. The universality of gaugino masses at the GUT scale and the large values of |/u| 
also lead to the well known low-energy relation among the masses of the lightest neutralino, 
the lightest chargino and the gluino, m^o : : rrig ~ 1 : 2 : 5.5. The squark sector is 

rather heavy, another consequence of the universality of the soft masses. Still squarks in the 
region ~ 1 TeV are by now almost excluded by LHC so that values M larger that 500 GeV 
are required, see Sec. 3.5.3. 

For a better understanding of the effect of the various experimental constraints a full 
scan on the two free parameters M, and tan /3 (for < 0) is presented in Fig. 3.2 for four 
examples of Higgs modular weight^, = 0.5, 0.6, 0.8 and 1. Some of the features of the 
supersymmetric spectrum we have just described are also clearly displayed. For example, the 
ruled area for large tan f3 and small M corresponds to the area excluded due to tachyons in 
the stau eigenstates. This area becomes smaller as the modular weight for the Higgs increases 
as a consequence of the increase in the stau mass. At the same time, the region with stau LSP 
(which is represented by light grey) is also shifted towards larger tan /3, thereby enlarging the 
area in which the neutralino is the LSP. 

The region below the thin dashed line is excluded by the LEP constraint on the Higgs 
mass, and corresponds to tan/3 < 5 and M < 300 GeV. This constitutes the stronger non- 
LHC lower limit on M for small values of tan/3. For tan/3 > 15, however, the experimental 
bound on BR(& — )• 57) sets a more constraining lower limit on M, which increases with 
tan /3 and reaches M > 500 GeV. Regarding the supersymmetric contribution to the muon 
anomalous magnetic moment, the region of the parameter space which is favoured by the 
experimental constraint corresponds to the area between the thin dot-dashed lines. The 
lower(upper) bound on a^^^^ sets an upper(lower) limit on M. Since a^^^^ increases for 
large tan /3 (through an enhancement of the contribution mediated by charginos and sneutri- 
nos), both the upper and lower limits on M also increase. As we already indicated, in our 
analysis this constraint is not imposed. 



''in these figures the constraint for the B-parameter has not yet been imposed. We will see below that the 
dark matter constrained combined with the prediction for B singles out the case with ~ 0.5 — 06. 
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Figure 3.2: Effect of the various experimental constraints on the (M, tan /3) plane for cases 
with = 0-5, 0.6, 0.8, and 1, from left to right and top to bottom. Dark grey regions 
correspond to those excluded by any experimental bound. Namely, the area below (and to 
the left of) the thin dashed line is ruled out by the lower constraint on the lightest Higgs 
mass. The region below the thin dotted lines is excluded by the lower bounds on the stau 
and chargino masses. The area below the thick dashed line is excluded by 6 — t- 57. The 
region below the double dot-dashed line is excluded by Bg — > n'^ n~ ■ The thin dot-dashed 
lines correspond, from top to bottom, to the lower and upper constraint on a^^^"^. The area 
contained within solid lines corresponds to the region in which the stau is the LSP, and is 
depicted in light grey when experimental constraints are fulfilled. In the remaining white 
area the neutralino is the LSP. The thin black area, in the vicinity of the region with stau 
LSP, corresponds to the region where the neutralino relic density is in agreement with the 
WMAP bound. 
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As a result, there are vast regions (white area) of the parameter space compatible with 
all the experimental constraints and in which the lightest neutralino is the LSP. In order to 
determine its viability as a dark matter candidate, its relic density has to be computed and 
compared with existing bounds on the abundance of cold dark matter. 

As mentioned above, the neutralino is mostly bino in these constructions, and for this 
reason its relic density easily exceeds the recent WMAP constraint. The correct neutralino 
abundance is only found in those regions of the parameter space where the neutralino mass 
is very close to the stau mass, since then a coannihilation effect [129] takes place in the early 
Universe which reduces very effectively the neutralino abundance^. After imposing the con- 
straint on the neutralino relic density, the only regions of the parameter space which are left 
correspond to very narrow bands in the vicinity of the area with stau LSP. Interestingly, these 
favour a very narrow range of values for tan /3, which is always large. Also, as increases, 
the allowed region is shifted towards larger tan/3. Thus, while 35 < tan/3 < 40 for = 1/2 
(case (I-I-I)), 45 < tan/3 < 55 is needed for case (I-I-A) with = 1. 

So far we have not commented on the effect of UFB constraints. Most of the parameter 
space turns out to be disfavoured on these grounds. The reason for this is the low value of 
the slepton masses, and more specifically, of the stau mass. Indeed, the lighter the stau, the 
more negative the scalar potential along the UFB-3 direction becomes, thus easily leading to 
a minimum deeper than the realistic (physical) vacuum. In particular, the whole (M, tan /3) 
plane with M < 1000 GeV is disfavoured for these reason in all the cases represented in 
Fig. 3.2. On the other hand, as we will see later, a Higgs mass ~ 125 GeV favors large values 
of ~ 1.4 TeV. 

3.4.3 B parameter constraint on the (I-I-I)- (I-I-A) configuration 

So far we have not imposed the boundary condition on the value of the B parameter at the 
GUT scale, which was also predicted in terms of the modular weights and related to the 
rest of the soft parameters by Eq. (3.14). As we already explained, in this approach the 
REWSB condition (3.12) must be used in order to determine the value of tan/3 by means of 
an iterative procedure. This leaves only one free parameter, M, to describe all the soft terms 
and, if a solution for the REWSB equations is found, a value of tan /3 is predicted for each M. 

In Fig. 3.3 (left panel) we display the value of B/M at the GUT scale as a function of 

* Another possible mechanism that could help in reducing the neutralino relic density is their resonant 
annihilation through an s-channel mediated by a pseudoscalar Higgs. However, that is only possible when 
2m^o « m^o. As we saw in Fig. 3.1 the pseudoscalar is too heavy in these constructions for such a resonance 
to take place. 
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tan /3 for several values of Af and for the two possible choices of the sign of the /x parameter. 
The solutions of the REWSB equations correspond to the values of tan /3 where the different 
lines intersect the dotted line, which represents the boundary condition B/M = — 1 in the 
= 1/2 case. As we can see, solutions are found for < only when tan/3 is very large. 
In the fi > case (disfavoured by 6 —t- 57 limits) solutions are found for tan/3 ~ 4 and 
30 < tan/3<40. 

When the modular weight for the Higgses increases, the boundary condition for B is 
seriously affected. For instance, when ^j:/ = 1 as in case (I-I-A), one obtains B = 0. As 
a consequence, the ranges of tan/3 which are solutions of the REWSB conditions change 
significantly. This is illustrated on the right hand-side of Fig. 3.3, where B/M at the GUT 
scale is represented as a function of tan/3 (with /i < and M = 500 GeV) for the cases 
with = 0.5, 0.6, 0.7, 0.8, 0.9, and 1, from bottom to top, respectively. The boundary 
conditions corresponding to these values of the Higgs modular weights are represented by 
means of dotted lines, also from bottom {S^h = 0.5) to top {^h = !)• The solutions for tan/3 
for each choice of modular weight correspond to the intersection of the B/M line with the 
corresponding boundary condition, and are indicated with filled circles. As we see in the 
figure, already slightly above = 1/2 (e.g. for = 0.52) correct EW symmetry breaking 
is obtained with the predicted i?-term. This happens around tan/3 ~ 40. As increases 
from 1/2 to 1 correct EW symmetry breaking is obtained at the predicted B with lower and 
lower values of tan /3. In the (I-I-A) limit with = 1 solutions for REWSB are obtained for 
tan /3 ~ 4. 

The resulting values for tan /3 as a function of the common scale M have been also 
superimposed on Fig. 3.2 by means of a thick dot-dashed line. Consistently with what we 
just explained, when = 1/2 solutions are only found for tan /3 45 and M > 900 GeV, in 
the region with stau LSP. However, even with a slight increase in due to the rapid change 
in the boundary condition for B, solutions of the REWSB equations are found with smaller 
values of tan /3. If we want to obtain successful REWSB in a region consistent with appro- 
priate neutralino dark matter, one is lead only to the region with — 0.6, quite close to the 
boundary conditions (I-I-I) with if = 5,h = 1/2. This may be seen in Fig. 3.2 (upper right) 
in which the thick dot-dashed line is very close to the line marking the separation between 
neutralino and stau LSP regions, i.e., the coannihilation region. On the other hand, in the 
(I-I-A) case with — 1 one obtains appropriate REWSB for tan/3 ~ 4, far away from the 
coannihilation region and hence too much dark matter is predicted. Thus insisting in getting 
neutralino dark matter consistent with WMAP measurements and consistent REWSB selects 
the region close to the (I-I-I) boundary conditions in which all MSSM matter fields live at 
intersecting 7-branes. 
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tan (3 tan (3 

Figure 3.3: Left) Resulting B{Mgut)/M as a function of tan/3 for the case with = 0.5. 
The dotted, dashed, dot-dashed, and solid lines correspond to M = 300, 500, 1000, and 
1500 GeV, respectively, for both signs of the fx parameter. The boundary condition B = 
—M is indicated with a horizontal dotted line. Right) The same, but for the cases with 
= 0.5, 0.6, 0.7, 0.8, 0.9, and 1, from bottom to top, with < and M = 1000 GeV. The 
corresponding boundary conditions for B are represented with horizontal dotted lines, and 
the solid circles indicate the values of tan /3 consistent with these. 

It is worth mentioning here that variations in the value of the top mass slightly alter 
the running of the B parameter and, as a consequence, lead to a small shift in the solutions 
for tan/3. We have checked that in the previous examples this shift is Atan/3 ~ ±1 when 
the top mass varies from mt = 169.2 GeV to mt = 174.8 GeV (which corresponds to a 2a 
deviation from the experimental central value). Although smaller top mass also implies a 
more stringent constraint from the experimental bound on the lightest Higgs mass, the rest 
of the constraints are not significantly affected and the coannihilation region remains basically 
unaltered. One can therefore understand Atan/3 as a small uncertainty on the trajectories 
for tan/3 in Fig. 3.2 to be taken into account when demanding compatibility with the regions 
with viable neutralino dark matter. 

3.4.4 The bulk 7-brane (A-A-0) configuration 

Let us consider now the other alternative left, in which the MSSM resides at the bulk of 
the 7-branes. As seen in table 1, in this case the sfermion soft masses vanish at the GUT 
scale. This has important implications on the resulting low-energy spectrum. Although 
squark masses (which receive large positive contributions in the corresponding RGEs from 
the gluino mass parameter) easily become large enough, slepton masses remain rather light. 
This is particularly problematic for the lightest stau, due to the negative contribution propor- 
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Figure 3.4: Left) Low-energy supersymmetric spectrum as a function of tan/3 for case (A- 
A-(/>). Right) Effect of the various experimental constraints on the (M, tan/3) plane for case 
(A-A-(p). Colour and line conventions are the same as in fig. 3. 2. In addition, the UFB 
constraints are fulfilled in the region above the thick solid line. 

tional to the Yukawa in the RGEs. For this reason the stau mass-squared becomes negative 
even for moderate values of tan/3. In this example, this sets an upper bound of tan/3 < 25. 

In the remaining allowed areas of the parameter space the stau becomes the LSP. A 
stable charged LSP would bind to nuclei, forming exotic isotopes on which strong experimen- 
tal bounds exist. Phenomenological consistency would then require such staus to decay, a 
possibility which arises if R-parity was broken. There is therefore no viable supersymmetric 
dark matter candidate in this scenario. 

The resulting SUSY spectrum, together with the effect of the rest of the experimental 
constraints on the parameter space are shown in Fig. 3.4, clearly displaying all the above men- 
tioned features. Interestingly, and contrary to what we observed for the intersecting 7-brane 
configurations, there is a region of the parameter space which satisfies the UFB constraints, 
corresponding to the area above the thick solid line with M > 500 GeV and tan /3 < 20. This 
is possible because of the increase in the Higgs mass parameters at the GUT scale (remember 
that now rrij^^ = M^), which entails a less negative contribution to the scalar potential 
along the UFB directions. 

If we further impose the prediction for the B-parameter the situation is worse. Indeed 
in this scenario the boundary condition for B at the string scale is -B = —2M. No solutions 
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Figure 3.5: The same as in fig. 3.2 but for case (I-I-I) where corrections coming from fluxes 
are included with pn = 0.1 (left) and pn = 0.2 (right). In both of them pf = 0. 



are found for tan /? neither for /i < 0, nor for /u > satisfying this boundary condition. 



3.4.5 Effect of magnetic fluxes 

We have seen how the intersecting 7-brane configuration (I-I-I)-(I-I-A) with ~ 0.6 is con- 
sistent with all constraints including appropriate amount of neutralino dark matter. This 
'effective modular weight' ~ 0.6 could be understood if the Higgs field is a linear combi- 
nation of fields with modular weights = 1/2 (predominant) and = 1. 



Alternatively one could think that there could be some higher order correction which 
could explain the small deviation from the fully intersecting configuration (I-I-I) with = 
1/2. As we discussed, one possible source for such small corrections could be the magnetic 
fluxes which are anyway required for the spectrum to be chiral. Using the results in section 
(3.2) we can estimate what could be the structure of such corrections. In agreement with 
the unification hypothesis, we will assume that all sfermions have the same fiux correction 
in their Kahler metrics proportional to some parameter c/. We will then parametrize the 
corrections in terms of parameters defined for the different cases as: 

{cH-as) as Cf ch , . 

9 = — - — ;^ = y;/'/ = ^;/'^^ = ^' (^-i^) 

where a is defined in Eq. (2.113) (in our case Ui = a for gauge coupling unification). The 
results for the soft terms are shown in Tab. 3.2. To get the results we have assumed that 
PHiPf ^ given their different large t behaviour. Looking at the table one observes as a 
general conclusion that the size of scalar soft terms decreases with respect to gaugino masses 
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-M(I-ph) 



Table 3.2: Corrections from magnetic fluxes to the different soft terms. The parameters p, pn, Pf are 
defined in the main text. 

as fluxes are turned on. This is consistent with the known fact that as fluxes increase 7-branes 
localize and get boundary conditions more and more similar to 3-branes, whose matter fields 
are known do not get bosonic soft terms. 

Note that, as we mentioned, the scalar masses of fields of A-type (modular weight C = 1) 
remain massless even after the addition of magnetic fluxes. So the problem of the scheme 
(A-A-(j)) of having too light (or even tachyonic) right-handed sleptons cannot be solved with 
the addition of fluxes. Interestingly, the inclusion of magnetic fluxes also alters the boundary 
condition for the bilinear parameter. In particular, for case (TTI) B at the GUT scale be- 
comes less negative. This is welcome, as we already saw in the previous subsection, in order 
to obtain successful radiative electroweak symmetry breaking. 

We have explored the effect of a small flux correction to the (TTI) case {(,h = 1/2) with 
Ph = 0.1, 0.2 and pf = 0. The results are shown in Fig. 3.5. The low-energy supersymmetric 
spectrum is not very affected by the change on the Higgs mass parameters. The only visible 
effect is a very slight increase in the stau mass for large pn as a consequence of the decrease 
in \Al\- Hence, the allowed region with neutralino LSP and correct dark matter abundance 
barely changes. On the contrary, the line along which the boundary condition for B is satis- 
fied changes significantly, being shifted towards smaller tan (3 as pn increases. Compatibility 
with viable neutralino dark matter is found around pn ~ 0.2 with = 1/2. Thus indeed, 
magnetic fluxes could provide for the small correction required to get full agreement with the 
appropriate dark matter for the (TTI) intersecting 7-branes scheme. 

Note that the corrections to sfermion masses in Tab. 3.2, parametrized hy pf, imply a 
decrease of their mass at the GUT scale. This leads to lighter staus at the EW scale, and 
therefore the region where the neutralino is the LSP (and obviously the region with correct 
relic density) is shifted towards smaller values of tan/3. This would make it more complicated 
to obtain compatibility of successful REWSB and neutralino dark matter (larger pn would be 
needed). However it is interesting to make a further comparative analysis between the effect 
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Figure 3.6: From left to right and top to bottom flux correction of: pj = 0.03 with pn = 0.3, 
Pf = 0.06 with ph = 0.3, pf = 0.13 with pn = 0.3, and pf = 0.3 with pn = 0.3. The region 
in red colour is ruled out by the lower constraint on the lightest Higgs mass, the blue area 
correspond to values excluded by 6 — >• sj, the green areas correspond, from top to bottom, to 
the lower and upper constraint on a^^^ and the yellow area is ruled out by lower bound on 
the stau mass. The white part on the right of the graphics correspond to the area excluded 
due to tachyons in the stau eigenstates. The area depicted in grey is the region in which the 
stau is the LSP when the above experimental constraints are fulfilled. In the remaining white 
area the neutralino is the LSP. The black points are the region where the neutralino relic 
density is in agreement with WMAP bound. Finally, the cross line is the one that represents 
the values of the parameter space for which there exists radiative Electro Weak symmetry 
breaking (REWSB). 
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Figure 3.7: From left to right and top to bottom flux correction of: pf = with pn = 0.18, 
Pf = 0.13 with ph = 0.23, pf = 0.17 with pu = 0.27, and = 0.21 with pn = 0.3. 



of fermion and Higgs fluxes. For that purpose we present a scan of the two free parameters 
M and tan/3 (for {p < 0) for different combinations of fermion flux correction pf for a fixed 
Higgs flux correction pn as one can see in figure Fig. 3.6. 



We have taken fermion and Higgs flux corrections of pi = 0.3 as maximun values because 
we want to consider the flux as a (perturbative) correction. From the observation of these 
graphics we can conclude the following: 

• Effects of fermion flux correction: 

— It enlarges the zone in which the stau is the LSP. 
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— It enlarges the tachyon zone. 

— It drives the REWSB line to the zone in which the stau is the LSP. 

• Effects of Higgs flux corrections: 

— It enlarges the zone in which the neutralino is the LSP. 

— It reduces the zone of tachyons. 

— It drives the REWSB line to the neutralino LSP zone. 

One may understand this behaviour seeing how RGEs work and looking to the first 
approximation of the soft terms in Tab. 3.2. The enlarging of the tachyon zone due to fermion 
flux is related with the value of pf. when pf goes large, ruf becomes smaller, and therefore 
we will have the mj closer to negative values. In summary, if one includes fermion flux cor- 
rections, one needs to include Higgs flux corrections to compensate so that the combination 
of effects of both fluxes finally allow you to obtain REWSB. We have also made an analysis 
combining the values of fermion and Higgs fluxes that make REWSB to stay in the neutralino 
LSP zone and that are in agreement with the WMAP bound. We compute the relic densisty 
by means of the program micrOMEGAs, and check compatibility with the data obtained by 
WMAP satellite. The result is shown in the Fig. 3.7 . 



Note that as an order of magnitude one can make numerically a rough estimate of the 
effect of the fluxes contribution. From the flux quantization condition it follows that 

(F) - ^ (3.15) 

We also know 

Att a 

— Wrapped volume = R , (3.16) 
9^ 

2 

where |^ is acuT in this case and therefore from Eq. (3.15) one can estimate the order of 
the expected flux density corrections 

Pi ~ "g^T' (3-17) 



Note that as an order of magnitude one thus numerically expects pu — 1/i^ — 

1/2 

oiQjjrp ~ 0.2. In what follows we will only consider the case with a pn flux, although we have 
done an analogous analysis with pf ^ which yields completely analogous results (although 
requiring slightly larger pn)- 
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3.5 Higgs and SUSY spectrum in the Modulus Dominated 
CMSSM 

We have found in the previous sections that imposing correct radiative electroweak symme- 
try breaking (REWSB) [112] and viable neutralino dark matter, essentially only the (I-I-I) 
configuration with magnetic fluxes survives. We emphasize that this scenario corresponds to 
models in which the SM fields live at the intersection of 7-branes and hence = 1/2 for all 
a. It is very much like the recent F-theory GUT constructions that we reviewed in Sec. 2.4.4. 
In the latter, quarks and leptons live confined in complex matter curves embedded in the 
bulk 7-brane in which the SM gauge group lives (see Fig. 2.6). 

As shown in Tab. 3.2, in this scheme we have soft terms at the string unification scale 
with the relations 



m ; 



A 
B 



\M\\ 

\M\\1-Iph). 



iM(3 



PH] 



-M{1-ph). 



(3.18) 

(3.19) 

(3.20) 
(3.21) 



where pn parametrizes the effect of magnetic fiuxes on the Higgs Kahler metrics. Note that 
this set of soft terms constitutes a deformation of a slice of the CMSSM with slightly non- 
universal Higgs masses. We wih call it here Modulus Dominated CMSSM (MD-CMSSM, 
Fig. 3.8). 

Consistency of the scheme requires this parameter to be small so that indeed the inter- 
pretation of ph as a small flux correction makes sense. Note that we thus have essentially two 
free parameters, M and /i, with a third parameter p^ restricted to be small. From now on 
we are going to carry out a more through analysis of this string theory conflguration beyond 
the results of Sec. 3.4, covering the full parameter space and studying its phenomenological 
consequences, including a study in detail of Higgs and SUSY spectra. We will also analyze 
the impact of the 2011 LHC data on our results and explore the eventual LHC reach in 
testing the model. For that purpose we are going to impose again these two constraints: 1) 
consistent REWSB and 2) correct neutralino dark matter abundance. These two constraints 
are very stringent and it is non-trivial that both conditions may be simultaneously satisfied 
in such a constrained system as it was shown in Sec. 3.4. 
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Figure 3.8: Pictorial view of the modulus dominance constrained MSSM as a slice of the Higgs 
non-universal HNUMSSM which is a slight deformation (due to the small flux parameter) of 
the CMSSM. 

3.5.1 REWSB and dark matter constraints: a model with a single free 
parameter 

We are going to follow the same steps used in Sec. 3.4.1. For this further analysis, we have 
implemented the iterative process through a series of changes in the public code SPheno 3 . 
[113,132]. As we commented in Sec. 3.4.1, this code solves numerically the renormalization 
group equations of the MSSM and provides the SUSY spectrum at low energy and also cal- 
culates the theoretical predictions for low-energy observables such as the branching ratios of 
rare decays {b — )■ 57, Bg — ?■ ^"'"/i") and the muon anomalous magnetic moment. The results 
are sensitive to the value of the top quark mass, particularly for the Higgs mass, see below. 
In the computation we use the central value in mt = 173.2 it 0.9 GeV [133]. In addition 
to correct REWSB we also impose the presence of viable neutralino dark matter, assuming 
R-parity conservation. The relic density of the neutralino is calculated numerically using the 
MSSM module of the code MicrOMEGAs 2.4 [122,134] and check for the compatibility with 
the data obtained from the WMAP satellite, which constrain the amount of cold dark matter 
to be 0.1008 < nh"^ < 0.1232 at the 2a confidence level [7]. 

Imposing both conditions we are left with a model with a single free parameter or, 
equivalently, lines in the (M, tan /3) and (M, pn) planes. In Fig. 3.9 we show the trajectories 
consistent with both REWSB and viable neutralino dark matter. The left hand-side of Fig. 3.9 
shows how the viable values for tan/3 are confined to a large value region, tan/3 ~ 36 — 41. 
The maximum values for M and tan/3 occur for M ~ 1.4 TeV, tan/3 ~ 41. The existence 
of these maximal values are due to the dark matter condition. Indeed, as we said, the LSP 
in this scheme is mostly pure Bino and generically its abundance exceeds the WMAP con- 



3.5 Higgs and SUSY spectrum in the Modulus Dominated CMSSM 



73 




Figure 3.9: Left) Trajectory in the (M, tan f3) plane for which the REWSB conditions are 
fulfilled and the correct amount of dark matter is obtained. Right) Corresponding values of 
the flux, ph- In both cases, dots correspond to points fulfilling the central value in WMAP 
result for the neutralino relic density. The dot-dashed line denotes points along which the 
matter density is critical, ^matter = 1) whereas the solid line indicates the points for which 
the stau becomes the LSP. The points below the dashed line are excluded by the lower bound 
on BR(6 —7- 57) and the upper bound on BR(i35 — t- fi^fj,~) from Ref. [135] and the recent 
LHCb result [136]. The gray area indicates the points compatible with the latter constraint 
when the 2a error associated to the SM prediction is included. 

straints. However along the line in the figure the lightest neutralino Xi is almost degenerate 
in mass with the lightest stau fi (see Fig. 3.12) and a coannihilation effect takes place in 
the early universe reducing very effectively its abundance. Above the point M ~ 1.4 TeV, 
coannihilation is not sufficiently efficient in depleting neutralino abundance and x? ceases 
to be a viable dark matter candidate. Thus viable dark matter gives rise to a very strong 
constraint on the M value, \M\ < 1.4 TeV, which in turn implies an upper bound on the 
SUSY and Higgs spectrum, see below. Notice that for small values of the gaugino mass the 
predicted tan f3 can also be smaller. In principle one could get to values of tan /3 as low as 10 
while still fulfilling REWSB and the neutralino relic density with M > 150 GeV. However, 
the resulting SUSY spectrum is extremely light and already well below the current experi- 
mental bounds. First, demanding mh > 115.5 GeV leads to a lower bound on the common 
scale M > 340 GeV with tan (5 > 34. Similarly, current LHC lower bounds on the masses of 
gluinos and second and third generation squarks imply M > 400 GeV and tan /3 > 35. There 
is a more stringent lower bound coming from the BR(6 — ?• 57) constraint, which implies 
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Figure 3.10: Universal gaugino mass versus the theoretical prediction for BR(i?s — )• fi^/j,"). 
The dashed lines denote the experimental upper bound on this observable from Ref. [135] 
and the recent LHCb result [136]. The 2, a theoretical error on the SM prediction is indicated 
by means of a shaded region in both cases. 



M > 570 GeV and tan/3 > 38. 

Finally, the experimental upper limit on BR(i?s — t- fi^fj,^) has a profound impact on 
the allowed parameter space. A combination of CMS [137] and LHCb [138] data recently set 
a bound as low as BR{Bs /i+zx") < 1.1 x 10"^ [135]. This would lead to M > 560 GeV, 
thus having a similar effect as the other constraints mentioned above. However, very recently, 
the experimental bound was significantly improved by the LHCb collaboration [136], leading 
to the unprecedented constraint BR(Ss — )• /i'^/x") < 4.5 x 10^^. This is in fact very close to 
the SM prediction BR(S^ ^ ^+^-) = (3.2 ± 0.2) x 10"^ [139, 140] and thus has important 
implications in our parameter space. Given that our model entails large values of tan /3 and 
a significant mixing in the stop mass matrix, the resulting BR(i?s — t- is relatively 

large. Fig. 3.10 represents the theoretical predictions for this observable as a function of the 
corresponding universal gaugino mass M, showing that BR(i?5 — )• //"'"/i") > 4.4 x 10~^. We 
display in the plot the experimental bound from Ref. [135] and Ref. [136], explicitly showing 
the effect of the improved measurement. For each case, we take into account the 2a theoreti- 
cal uncertainty of the SM contribution. It is in fact expected that this upper bound improves 
in the near future with new data from CMS and LHCb. This has the potential to disfavour 
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our construction if no deviation from the SM value is observed. 

On the right hand-side of Fig. 3.9 we display the line in the (M, pn) plane that is 
consistent with REWSB and viable neutralino dark matter. Interestingly enough, after ap- 
plying experimental constraints, the value of pu is indeed small, of order 0.15 — 0.17 and is 
very weakly dependent on M. This is consistent with the interpretation of pn as a small 
correction arising from gauge fluxes, as discussed in the previous chapter. Indeed the values 

1/2 

for ph obtained are of the expected order of magnitude, pu oc chqux — 0-2. 

The viable points of the parameter space lie along a narrow area of the parameter 
space. In fact, small deviations in any of the parameters, M, tan/3 or ph have catastrophic 
consequences, since either the relic density becomes too large (it very rapidly overdoses the 
Universe) or the stau becomes the LSP. We illustrate this in Fig. 3.9, where the dashed and 
solid lines represent the points for which ^matter = 1 and mf^ = rn^o^ respectively. The line 
with critical density extends to M ~ 2.5 TeV, but the region fulfilling WMAP 2 a region 
stops at M = 1.4 TeV. Interestingly, the flux ph cannot vanish (since the stau becomes the 
LSP), this is, even though small, a deviation from the CMSSM is necessary. Also, it cannot 
be too large or we would have an excessive amount of dark matter. 

As we explained in the beginning of this chapter, the p parameter is computed at 
the electroweak scale from Eq. (3.11). Using SPheno3.0 we have also computed its value at 
the unification scale (the effect of the RGEs is not large for this parameter) so that we can 
compare it with the soft parameters. This might give us an idea of what the possible origin 
of the //-term could be . The results are displayed in Fig. 3.11, where the ratio /i(GUT)/M 
that corresponds for each value of the gaugino mass is plotted. As we can observe, the 
predicted value for that ratio is approximately constant and satisfies p ~ (1.5 — 1.6) M. At 
the point of maximal M one has approximately \p\ = \A\ = 3/2|M|. This could perhaps 
point towards a higher degree of interdependence among soft terms. 



3.5.2 The Higgs mass 

The lightest neutral Higgs, /i, in the MSSM receives important one-loop corrections to its mass 
from the top-stop loops. The one-loop corrected Higgs mass has an approximate expression 



It should be pointed out in this respect that the inclusion of non- vanishing flux correction p/ for sfermions 
in Eq. (3.21) can slightly alter the allowed regions in the parameter space, shifting the viable points towards 
smaller values of tan /3, thereby decreasing the SUSY contribution to BR(_Bs — )■ fi^fi~). 

^"in particular, as noted in Ref. [21], the Giudice-Masiero [85] mechanism would predict in the present 
model n = -M/2 and B = -3M/2, which do not lead to consistent REWSB. 
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Figure 3.11: Universal gaugino mass as a function of tlie resulting Higgsino mass parameter, 
fi at the unification scale for those points where both REWSB and viable neutralino dark 
matter are obtained. 



of the form [141] 

ml ~ M|cos2 2/3 + 
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(3.22) 



where f ^ 



2' 



= {nii^mi^'^/'^ , and Xt = At — fx cot (3, all evaluated at the weak 
scale. The largest values for the Higgs mass are obtained then for large tan /3 and large stop 
masses. In particular, the quantity in brackets is maximized for ~ \/^m^. Interestingly 
enough this maximal value typically correspond to large values for the trilinear soft term 
A/m ~ ±2 (see e.g. Ref. [90,92]). In our scheme we have A/m = -3/^2 + ph/V^ ~ -2 
and large values of tan/3 = 36 — 41, so that relatively large values of the Higgs mass are an 
automatic prediction of our scheme. 



The 2011 run at LHC has restricted the most likely range for a SM Higgs to the range 
115.5 - 131 GeV (ATLAS) and 114.5 - 127 GeV (CMS). Furthermore there is an excess of 
events in the 77, ZZ* — )• 4/ and WW* — )• 21 channels suggesting the presence of a Higgs 
boson at a mass around 125 GeV. Although more data are needed to confirm this excess, it 



3.5 Higgs and SUSY spectrum in the Modulus Dominated CMSSM 



77 



is interesting to see whether a Higgs boson in that range appears in this construction. As we 
said, our scheme has essentially one free parameter and the allowed values for the Higgs mass 
turn out to be very restricted. We have computed the mass of the Higgs particles to two- 
loop order using the code SPheno linked through the micrOMEGAs program To show the 
allowed values for the lightest Higgs mass we display in Fig. 3.12 the ratio (mf^ — m^o)/mf^ 
versus the value of the lightest Higgs mass rrih. This mass difference is very relevant for the 
coannihilation effect which is required in this scheme to get viable neutralino dark matter. 
We also illustrate the variation resulting from the 2a uncertainty in the WMAP result. 

One observes that there is a maximum value of the Higgs mass of order 125 GeV. 
For higher values the neutralino ceases to be viable as a dark matter candidate. This limit 
corresponds to the maximum allowed values M ~ 1.4 TeV and tan/3 ~ 41 that we discussed 
above and hence to a quite massive SUSY spectra, see below. There is also a lower limit 
coming from the lower bound on the constraint BR(6 — )• ,57) < 2.85 x 10~^ which leads to 

119 GeV < ruh < 125 GeV . (3.23) 

In the MSSM the bound on BR(i?s — t- /x^/i^) also has an impact on the predicted Higgs 
mass [144]. In our case, if the current LHCb constraint is taken at face value and the SM 
uncertainty is included in our theoretical predictions, the resulting range for the Higgs mass 
is reduced to 

124.4 GeV < < 125 GeV . (3.24) 

We have to remark at this point that these values are sensitive to the value taken for 
the top quark mass and the corresponding error. As we said we have taken the central value 
in mt = 173.2 it 0.9 [133]. The value of the Higgs mass is very dependent on the top mass. 
As a rule of thumb, one can consider that an increase of 1 GeV in the top mass leads to an 
increase of approximately 1 GeV in ruh [145]. Note also that the computation of the Higgs 
mass includes additional intrinsic errors of order 1 GeV, see e.g. Refs. [146,147]. In any 
event, it is remarkable that the allowed region in our model is well within the range allowed 
by the 2011 LHC data. In particular, generic points in the CMSSM space tend to have a 
lighter Higgs mass tipically of order 115 GeV or lower. Our particular choice of soft terms 
plus the constraint of viable neutralino dark matter force our Higgs mass to be relatively high. 

It should be pointed out that the regions of the parameter space with larger values of 
the Higgs mass correspond to a heavy spectrum and therefore predict a small supersymmetric 
contribution to the muon anomalous magnetic moment, a^^^^. In particular, the points with 
rrifi > 124 GeV predict a^^^^ ~ 3 x 10"^*^. These values show some tension with the ob- 
served discrepancy between the experimental value [148] and the Standard Model predictions 

^^We have compared our results with those obtained with FeynHiggs 2 . 8 . 6 [142, 143], finding good agree- 
ment, within approximately 1 GeV. 
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Figure 3.12: The normalized mass difference (nij-^ — m^o)/mf^ as a function of the hghtest 
Higgs mass m/j. Dots correspond to points fulfihing the central value in the result from 
WMAP for the neutralino relic density and dotted lines denote the upper and lower limits 
after including the 2a uncertainty. The dot-dashed line represents points with a critical 
matter density ^matter = 1- The vertical line corresponds to the 2a limit on BR(6 — )• 57) 
and the upper bound on BR(i3s — ?• ^u^/i") from Ref. [135] and the recent LHCb result [136]. 
The gray area indicates the points compatible with the latter constraint when the 2a error 
associated to the SM prediction is included. 



using e+e~ data, which imply 10.1 x 10~ < aj^ < 42.1 x 10~ at the 2 a confidence 
level [149] where theoretical and expreimental errors are combined in quadrature (see also 
Refs. [150, 151], which provide similar results). However, if tau data is used this discrepancy 
is smaller 2.9 x 10"^° < a^^^^^ < 36.1 x 10"^° [151]. 

As we said, in the context of the CMSSM obtaining a large Higgs mass and not too 
heavy SUSY spectrum requires having A ~ —2m. This may be considered as a hint of a 
scheme with all SM localized in intersecting branes and is in fact independent of what the 
possible origin of the n term is. Indeed, for general (but universal) modular weights ^ one 
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Figure 3.13: Ratio A/nif at the GUT scale as a function of the modular weight for the case 
without fluxes (solid line) and when a small flux (pn = 0.16) is introduced. 

has the relation 

A = -3(1-0^^^ rn . (3.25) 

For A/m ~ — 2 one has ^ ~ 0.5, indicating that indeed large Higgs masses favour all SM 
particles with ^ ~ 1/2 modular weights, which correspond to intersecting branes, as in our 
scheme. This is illustrated in Fig. 3.13. 

3.5.3 The SUSY spectrum 

Again, our particular choice of soft terms significantly constrains the spectrum of SUSY 
particles. Given that there is only one free parameter, fixing any value for a SUSY particle 
or Higgs field automatically fixes the rest of the spectrum. We give in Table 3.3 the values 
of some masses and parameters as we vary the universal gaugino mass, M. Let us remember 
that tan/3 is not an input, as it is fixed by the boundary conditions on B. 

One interesting way of presenting the structure of the SUSY spectrum is in terms of 
the lightest Higgs mass. In Fig. 3.14 we show the masses of the gluino and the squarks as a 
function of m/j . The region to the left of the vertical dashed line is excluded since it leads to 
BR(b — )• 57) < 2.85 X 10~^. Note that this implies that squarks of the first two generations 
and gluinos in our scheme must be heavier than ~ 1.2 TeV. This is consistent with LHC 
limits obtained with 1 fb~^. For the third generation of squarks, the lightest stop has a mass 
of at least 800 GeV and the heaviest one, along with the sbottoms are heavier than 1 TeV. 
On the other hand, the recent LHCb limits on BR(i?s — )■ fj,^fi^) pushes the allowed region 
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Table 3.3: Sparticle and Higgs masses in GeV and resulting value of tan/3 as a function of M. Note 
that there is a maximum value for M — lA TeV where Xi becomes degenerate with the lightest stau, 
as the third column from the right shows. At that point the maximum value for the lightest Higgs 
mass ~ 125 GeV is obtained. 

to that with a 125 GeV Higgs mass, see Fig. 3.14. 

If the signal for a Higgs at 125 GeV is real, one expects a quite heavy spectrum with 
gluinos of order 3 TeV and squarks of the first two generations of order 2.8 TeV. The lightest 
stop would be around 2 TeV and the rest of the squarks at around 2.3 TeV. Note however 
that these values depend strongly on the Higgs mass so that e.g. a Higgs around 124 GeV 
would rather correspond to squarks and gluinos around 2.2 TeV. Given the intrinsic error in 
the computation of the Higgs mass, this only give us a rough idea of the expected masses for 
colored particles. We discuss the testability of such heavy colored spectra in the next chapter. 

In Fig. 3.15 we show the spectrum of un-colored particles as a function of the lightest 
Higgs mass, including neutralinos, charginos, sleptons and the rest of the Higgs fields. The 
region to the left of the vertical dashed line is again excluded since BR(6 — )• 57) < 2.85 x 10~^. 
On the other hand, the {Bg — )• data forces again the spectrum of uncolored particles 

to relatively large values. 

The hierarchy in the sparticle mass pattern is a quick way of classifying a supersym- 
metric model and understanding the kind of signals it may give rise to in LHC. Several 
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Figure 3.14: Squark and gluino masses as a function of the Higgs mass. The region to the 
left of the vertical dashed indicates the constraint BR{b — t- 57) < 2.85 x 10~^ and the upper 
bound on BR(i?s — )• ijf^ from Ref. [135] and the recent LHCb result [136]. The gray area 
indicates the points compatible with the latter constraint when the 2cr error associated to 
the SM prediction is included. 

structures have been identified (see Ref. [152] and references therein) that can originate from 
the CMSSM or non-universal supergravity scenarios. In our case, the model is very close 
to the CMSSM in the coannihilation region but further constrained. As a consequence, the 
resulting hierarchy in the supersymmetric spectrum is a very specific one. More specifically, 
the five lightest supersymmetric particles display the following structure: 

x\<ri<xl-xi <Ir for mft<120GeV, 
x\<ri< Ir < X2 ~ for mn > 120 GeV . 

These scenarios are analogous to mSP6 and mSP7, respectively, in Ref. [152]. The change 
of pattern is difficult to appreciate in Fig. 3.15, since the mass difference between Ir and the 
second- lightest neutralino is small (of order 10 GeV). Also, the mass difference between the 
second lightest neutralino and the lightest chargino is merely a fraction of a GeV. 

The almost identical values of the masses of X2 s-iid Xi is expected since both fields 
are mostly Winos. On the other hand the degeneracy with the Ir fields is a peculiarity of 
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Figure 3.15: Supersymmetric spectrum as a function of the Higgs mass of the slepton sector, 
together with the masses of the heavy Higgses and the gauginos. The region to the left of the 
vertical dashed indicates the constraint BR{b — t- 57) < 2.85 x 10"'^ and the upper bound on 
BR(i?s — ^ ^^A* ) from Ref. [135] and the recent LHCb result [136]. The gray area indicates 
the points compatible with the latter constraint when the 2a error associated to the SM 
prediction is included. 

the structure of soft terms in this model. Indeed the weak scale masses for these fields have 
the structure 

M\ ^ (^^\M^\m^^QMM\ (3.26) 

m? ~ + 0.15 ~ 0.65 

where in the second equation the boundary condition m = M/^/2, characteristic of the 
present model, has been used. From Fig. 3.15 we see that the lightest charged sparticle is a 
stau, with a mass in between 200 and 550 GeV. The lightest slectrons and charginos are in the 
region 400 to 1000 GeV. The remaining Higgs fields will be heavy, in the 700 to 1600 GeV 
range. Thus there is a good chance to produce weakly interacting charged sparticles in a 
linear collider. 

For completeness we also show in Fig. 3.16 the branching ratios of the different decay 
modes of the lightest CP-even Higgs, computed using code SPhenoS.O, as a function of its 
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Figure 3.16: Branching fractions for the decay of the lightest CP-even Higgs as a function of 
its mass. 



mass in this construction. The composition of the lightest Higgs is very similar to that in 
the CMSSM and therefore these results are quite standard. The leading decay mode is bb 
although the contribution from WW is almost comparable for large Higgs masses. 

Let us finally address the direct detectability of dark matter neutralinos in this construc- 
tion. We show in Fig. 3.17 the theoretical predictions for the spin-independent contribution 
to its elastic scattering cross section off protons, a^o_.,„ as a function of the neutralino mass, 
together with current experimental sensitivities from the CDMS (showing also the combina- 
tion of its data with those from EDELWEISS) and XENON detectors. After imposing all the 
experimental constraints, this scenario predicts 10"^ pb > it^o_„ 5 x 10~^^ pb. This is far 
from the reach of current experiments. Next generation experiments with targets of order 1 
ton would be able to probe only a portion of the parameter space, corresponding to neutralino 
masses lighter than 300 GeV (and therefore to Higgses as heavy as approximately 121 GeV). 
This was to be expected, as these results are typical of the CMSSM in the coannihilation 
region. 
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Figure 3.17: Spin-independent part of the neutrahno- proton cross section as a function of 
the neutrahno mass for points reproducing the WMAP relic abundance and in agreement 
with all the experimental constraints. The current sensitivities of the CDMS [153], CDMS 
combined with EDELWEISS [154] and XENONIOO [155] experiments are displayed by means 
of dashed, dot-dashed and solid lines, respectively. The dotted line represents the expected 
reach of a 1 ton experiment. The gray area indicates the points compatible with the LHCb 
constraint when the 2a error associated to the SM prediction is included. 

3.6 Detectability at the LHC 
3.6.1 Jets and missing transverse energy 

Having already described the SUSY spectrum, let us now address the detectability of this 
construction at the LHC. In the light of the current and predicted status of the collider, we 
will consider three possible configurations, with energies of \fs = 7, 8 and 14 TeV. Our goal is 
to determine the potential reach of the LHC as a function of the luminosity. In order to do so 
we have performed a Monte Carlo simulation for the different points in the viable parameter 
space. 

As we commented in the previous sections, the SUSY spectrum is calculated for each 
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point using a modified version of SPheno 3.0. The output, written in Les Houches Accord 
format, is directly Unked to a Monte Carlo event generator. We have used PYTHIA 6 . 400 [156] 
to this aim, linked with PCS 4 [157], which simulates the response of the detector and uses 
TAUOLA [158] for the calculation of tau branching fractions. 

We include the main sources for SM background, taking into account the production 
of tt and WW/ZZ/WZ pairs, as well as W/Z+jets. The latter give the main contribu- 
tion [159, 160] to the background at the relevant energies. The production cross sections for 
these different processes are summarised in Table 3.4. For the production of W/Z+iets we 
have taken the results provided by PYTHIA. 





7 GeV 


8 TeV 


14 TeV 




l^2t\ltl pb 


250 pb (*) 


852^93113 pb 


„NLO 
(J WW 

„NLO 
^W+Z 

^NLO 

'^w- Z 

„NLO 
^ZZ 


47.04+^;^^° pb 
11.88+^;^^° pb 
6.69+!^;^|,^ pb 
6.46+^;^^: pb 


57.25+^;^^° pb 
14.48+^;^^: pb 
8.40^^;t^: pb 
7.92+^3;^^° pb 


124.31+^:*^° pb 
31.50+^3;«J: pb 
20.32+1;?^° pb 
17.72^1-,^: pb 


"W+jets 
Z+je-ta 


1.46 X 10^ pb 
6.76 X 10"* pb 


1.74 X 10^ pb 
7.98 X 10* pb 


3.50 X 10^ pb 
1.57 X 10^ pb 



Table 3.4: Cross sections for the production of tt [164] and WW/ZZ/WZ [165] pairs, as well as 
W/Z+ieis. (*) Rough estimate obtained from the data of Ref. [164]. 

The production cross section of Supersymmetric particles has been computed using 
Prospino 2. 1 [166], which provides the result at NLO. The leading contributions obviously 
comes from the production of coloured sparticles, gg, gq, qq. The actual values are a function 
of the gluino and squark masses and have been calculated for each specific case. 

In order to determine the LHC discovery potential we have studied the simplest signal, 
consisting on the observation of missing transverse energy, accompanied by a number 
(n > 3) of jets. We have used Level 2 triggers in PCS, but supplemented these with additional 
conditions on the eligible events. Namely, we have implemented the following selection cuts, 
mimicking those used by the ATLAS Collaboration: 

- Leading jet Pt > 130 GeV, 



^■^Calculations of this quantity at the NLO can be found in e.g., Refs. [161,162]. The uncertainty of the 
result using PYTHIA compared with current data and other simulators can be found in Ref. [163]. 
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Figure 3.18: Missing energy histogram for the SM background (in red) and SUSY signal in 
the model. On the left hand-side we assume ^/s = 8 TeV and a luminosity of 20 fb^^ and 
simulate the signal for M = 570 GeV (solid line) and M = 700 GeV (dashed line). On the 
right hand-side we assume y/s = 14 TeV and a luminosity of 30 fb^^ and simulate the signal 
for M = 800 GeV (sohd line) and M = 1400 GeV (dashed line). 



- Second jet Pr > 40 GeV, 

- Third jet Pt > 40 GeV, 

- rrieff > 1000 GeV, 

where nieff = EJp^^^ + P^^'^ is calculated from the three leading jets defining the region. 
Fig. 3.18 shows a series of histograms for the missing energy resulting from the SM back- 
ground (red line) and the expected signal events for several examples in the parameter space. 
In particular, choosing y/s = 8 TeV and a luminosity of 20 fb~^ we display the expected 
signal in our model when M = 570 GeV and 700 GeV. Similarly, for y/s = 14 TeV and a 
luminosity of 30 fb~^ the predictions for the cases M = 800 GeV and 1400 GeV are shown. 



As we can see, the signal dominates over the background above a given value of the 
missing energy with a slight dependence on M. The actual number of events obviously 
depends on the luminosity. Given a number of signal events A'^, and background events 
that satisfy our series of cuts, a statistical condition for observability may be defined as 



^>4,->0.1,iV.>5. (3.27) 



3.6 Detectability at the LHC 



87 




Figure 3.19: Maximum value of M that can be explored at the LHC with ^/s = 7, 8 TeV 
(left hand-side) and i/s = 13, 14 TeV (right hand-side) as a function of the luminosity. 

It is customary to set a fixed cut for the missing energy in order to determine these numbers, 
however we have implemented an adaptive method which estimates the optimal value for 
the cut in for each value of M. The idea is to maximize the signal-to-background ratio 
while guaranteeing that the number of signal events is enough (Ns > 5). In particular, if the 
spectrum is heavy and the signal is expected to be centered around a larger then the cut 
in can generally be increased so as to reduce the number of background events as long as 
the number of signal events is above critical. The latter obviously depends on the luminosity. 

Using this "adaptive cut" in ^j- we have determined, for each given value of the lu- 
minosity (and for each LHC energy configuration), the maximum value of M for which the 
number of signal events satisfies condition (3.27). This is, we have calculated the detectability 
potential of LHC for this specific model. The results are displayed in Fig. 3.19, where the 
maximum value of Af is plotted as a function of the luminosity. Operating at y/s = 7, 8 
and 13, 14 TeV, LHC wih be able to test this scenario up to M 600, 750 and 1400 GeV, 
respectively, with a luminosity of 20, 30 and 30, 50 fb^^. In fact, the LHC at 14 TeV would 
be able to explore regions of the parameter space with a larger M than the one displayed 
in the plot. However, as shown in the previous chapters, there is actually no point of the 
parameter space above that value for which REWSB and dark matter conditions are fulfilled, 
and for that reason the line flattens at M = 1400 GeV. 

In order to check the validity of our " adaptive cut" in fJj- we have applied it to the 
CMSSM and compared the resulting predicted reach with those obtained by the ATLAS 
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[160] and CMS [159] collaborations for the same signal. We have obtained a similar reach. 
Remember in this sense that ATLAS and CMS use a given value for the cut in fx at low 
masses and a larger value for heavier masses. 

3.6.2 Other signatures 

As we described in chapter 3, the viable regions of the model correspond to the coannihila- 
tion region in which the lightest neutralino and ligtest stau mass are almost degenerate. This 
class of scenarios has received a lot of attention in the literature [167-169], since they can give 
rise to very characteristic signals. In particular, the following decay chain is dominant for 
the second- ligest neutralino, X2 ~^ '^^i ~^ ttXij leading to signals characterised by multiple 
low energy tau leptons [168]. In particular, one can search for pairs of opposite sign taus, 
accompanied by a number of jets, which would be relatively abundant, compared to other 
characteristic SUSY signals [169]. 

Finally, as we can observe in Fig. 3.12, the region with larger values of the Higgs mass 
is precisely that with a smaller mass-splitting between the stau and the lightest neutralino. 
In fact, for Higgs masses above m/j > 124.5 GeV, for which the recent LHCb constraint on 
BR(i?s — )• /^"""M") is satisfied, one finds — ni^o < 1.7 GeV. This implies that the two 
body decay fi — )• XiT is no longer kinematically allowed and the stau has to undergo three 
or four body decays (fi Xi^^tTT or fi — >• Xi^^'^iZ^r)- This increases significantly its lifetime 
which is now larger than IQ-'^ s [170]. The presence of long-lived staus in the Early Universe 
has appealing implications for Big Bang Nucleosynthesis (BBN). The stau can form a bound 
state with nuclei leading to a catalytic enhancement of certain processes (in particular, ®Li 
production) [171]. 

This long-lived stau's provides an interesting possibility, the observation of a stable 
charged particle in the LHC (due to its lifetime, the stau would decay already outside the 
detector) [172, 173]. Notice that staus in these regions have a mass of order 600 GeV, there- 
fore satisfying the current bounds for long-lived charged particles obtained in ATLAS (at 
^/s = 7 TeV and with a luminosity of 37 pb~^), which impose ruf^ > 135 GeV at 95% 
CL [173]. 



4 

Flux and instanton corrections to Yukawa couplings 

in local F-theory models 



In this chapter we turn to a different question in the phenomenology of Type IIB / F-theory 
compactifications. We try to adress the issue of hierarchical fermion masses in these large 
classes of compactifications [23]. 

4.1 The problem of rank one Yukawa matrices 

As we said, Yukawa couplings in Type IIB string theory are given by the the integral of 
the producct of the zero modes of the Dirac equations of the wave functions in extra di- 
mensions. The computation of Yukawa couplings is done in two steps. First we compactify 
the 10-dimensional theory down to d = 4 such that we can express the wavefunctions as a 
product of the 4d-wavefunctions and the extra-dimension Gd-wavefunctions. The second step 
is to compute the overlap integrals of the three different wavefunctions over the compactified 
dimensions. As a result we will obtain a parameter (or a matrix of parameters) multiply- 
ing the product of the 4-dimensional wavefunctions corresponding to Higgs and fermion fields. 

In general those wavefunctions are only known in some simple examples, like toroidal 
orientifolds. For instance, in T®/Z2 x Z2 orientifolds with magnetized D7-branes one can 
construct semirealistic models [67] in which the Yukawas can be explicitly computed by in- 
tegration of three overlapping wavefunctions. In these examples the resulting mass matrices 
have rank one, corresponding to a single massive quark/lepton generation [65]. This implies 
that we need further effects like string instantons in order to yield masses for the lightest 
generations [174]. 

In the context of intersecting D7-brane models and their non-perturbative extension 
in F-theory, bifundamental matter fields reside at pairs of 7-branes intersecting in Riemann 
curves, and Yukawa couplings appear locally at those points where three of these curves in- 
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tersect. For the case of local F-theory GUT models that we reviewed in Sec. 2.4.4, in which 
there is a 4-cycle S on which the GUT 7-branes wrap, the matter fields reside at matter 
curves Sj C 5 at which the GUT symmetry is enhanced. In addition, these cmves intersect 
at points at which the symmetry is further enhanced, and which give rise to Yukawa couplings 
among fields in the matter curves (see Fig. 2.5). 

Since the wavefunctions corresponding to matter fields are localized along the matter 
curves, the internal 6d wavefunctions of the zero modes are peaked on these curves. There- 
fore the Yukawa coupling at the intersecting point is expected to depend only on the data 
around the neighborhood of this intersection point, and not much on the full structure of the 
compact space. That allows us to compute the Yukawa couplings in the F-theory context 
in the same way as in Type JIB case mentioned above, i.e. in terms of the overlapping in- 
tegral over S of the three internal wavefunctions corresponding to three intersecting matter 
curves [55,56] [175-181] ^ 

If we take the SU{5) GUT model, the SU{5) symmetry corresponding to the a 7-brane 
wrapping the divisor S is enhanced to SU{Q) at curves with 5-plets and to SO{W) at curves 
with 10-plets, as is ilustrated in Fig. 2.6. Moreover, assuming that there is only one intersect- 
ing point among matter curves for 10 x 5 x 5h and 10 x 10 x 5h SU{5) Yukawa couplings, 
the resulting Yukawa matrices have rank equal to one [176] as we will see later. Hence only 
one generation gets massive, and we get the same situation as in the toroidal orientifolds 
case above mentioned. The first attempt to solve the problem was through the dependence 
of the Yukawa couplings on the worldvolume fluxes on the 7-branes (i.e., those required for 
obtaining chirality from these settings). It was thought that they could correct this result 
and give masses to the rest of quarks and leptons. However these open string fluxes are 
not enough, since they do not modify the rank of the Yukawa matrices [179], [180], [178]. 
In particular, one can see that the F-term zero mode equations become independent of the 
worldvolume fluxes in a certain holomorphic gauge [178] and that, as a consequence, the 
holomorphic Yukawa couplings remain flux independent. 

There are however two other possible sources of corrections to the holomorphic Yukawas. 
The flrst one corresponds to a non-commutative deformation of the 7-brane gauge theory 
that can induce corrections to the Yukawas such that the rank of the mass matrix is modi- 
fled [179]. Such deformation can be generated by placing D7-branes on type IIB backgrounds 
with closed string lASD fluxes of the (1, 2)-type, often referred to as /3-deformed backgrounds. 

The second possible source is the influence of non-perturbative (instanton or gaugino 



'^See Ref. [182] and Ref. [183] for other F-theory approaches. 
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Figure 4.1: Sources of corrections to 7-brane Yukawas. Figure a) represents the setup considered 
in [184], where the Yulcawas on a 7-brane stack wrapping the four-cycle Sgut are modified by the 
gaugino condensate on 7-branes on the distant four-cycle Snp- Following [185], one may identify this 
setup with the one in figure b) , where the non-perturbative sector has been replaced by a /3-deformation 
of the previous background. This new background contains lASD (1,2) background fluxes that induce 
a non-commutative deformation on Squt, in the sense of [179]. 

condensate) effects on distant 4-cycles in the compact manifold [184], see figure 4.1. Although 
these two proposals look quite different they lead to similar physics and it has been pointed 
out that they should be equivalent because instanton and gaugino condensate effects generate 
lASD (1,2) fluxes on the theory [186] (see also [185]). 

4.2 Wavefunctions and Yukawa couplings in local F-theory 
models 

In this section we describe the standard computation of wavefunctions and Yukawas for local 
F-theory models in the absence of any non-perturbative or non-commutative deformation, 
illustrating the general computation by means of an explicit U{2>) toy model. 

4.2.1 Local F-theory models from intersecting 7-branes 

As explained in Sec. 2.4 In local F-theory models 7-branes wrap on a compact divisor S of 
the threefold base B of an elliptically-fibered Calabi-Yau fourfold . The gauge group Gs (e.g. 
SU{5)) on such 7-branes is specified by the singularity type of the elliptic fiber on top of the 4- 
cycle S. Such singularity may be enhanced to a higher type on certain complex submanifolds 
T, C S where S = SCiS' , often called matter curve, is the intersection locus of S with another 
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divisor S' of B where a different set of 7-branes is wrapped. If we associate Gs' and Gs gauge 
groups to S' and S respectively, then it is easy to see that Gs x Gs' C Gs- As in the case of 
intersecting D7-branes matter fields charged under the gauge group Gs x Gs' are located at 
the intersection locus S = SoS' . Similarly, an enhancement on a point p £ S happens when- 
ever p is the intersection locus of two or more of these matter curves. In particular, Yukawa 
couplings between three matter fields charged under Gs would be realized at the triple inter- 
sections of matter curves, and Gs would be identified with the GUT gauge group, see Fig. 2.6. 

The dynamics governing the above construction can be encoded in the 8d effective 
action described in [55] which, upon dimensional reduction on the 4-cycle S, provides the 
dynamics of the 4d degrees of freedom. In particular, the Yukawa couplings between 4d chiral 
fields arise from the superpotential 



where is the F-theory characteristic scale, F = dA — iA f\ A is the field strength of the 
gauge vector boson A arising from a stack of 7-branes, and $ is a (2,0)-form on the 4-cycle 
S describing its transverse geometrical deformations. Locally, we can take both A and $ to 
transform in the adjoint of the non-Abelian gauge group Gp D Gs associated to the enhanced 
singularity at the Yukawa point p. This initial gauge group is broken by the fact that ^ and 
A have a non-trivial profile, and so the actual gauge group is the commutant of H in Gp, 
with H the subgroup generated by ($) and {A). 

We can describe separately the effect of and {A) by assuming that [('I'), {A)] = so 
that H = X Hp. On one hand, the effect of {^) is to describe the system of intersecting 
divisors considered above, so that G$ = [-ff$,Gp] = Gs x Hi^i; with Gi the gauge groups 
associated to 7-branes wrapping the divisors Si intersecting S on Sj. In particular, for 
a generic point of S the rank of (<I>) is given by rank ($) = rankGp — rankGs, while it 
decreases to rank Gp — rank Gs . on top of the matter curve Sj and vanishes at p. On the 
other hand, the effect of {A) is to provide a 4d chiral spectrum and to further break the 
GUT gauge group Gs down to the subgroup [Hp^Gs]-, as it is usual in compactifications 
with magnetized D-branes [65,187-190]. Hence, one may obtain a 4d MSSM spectrum from 
the above construction by first engineering the appropriate SU{5) GUT 4d chiral spectrum 
via (<I>) and an (A) which commutes with Gs, and then turn on an extra component of {A) 
along the hypercharge generator in order to break Gs — Gmssm [56]. 

4.2.2 Zero and massive modes at the intersection 




(4.1) 



The dynamics corresponding to these construction is given by the spectrum of 4d zero modes 
as a set of internal wavefunctions along S, and the couplings between these 4d modes in 
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terms of overlapping integrals of such wavefunctions. All that information is encoded in the 
superpotential (4.1) together with the D-term for S, 

D = [ w AF + (4.2) 
Js 2 

where ui is the fundamental form of S. 



By variating A and $ in the superpotential (4.1), one obtains the F-term equations 

Ba'^ = (4.3a) 
= (4.3b) 

where Ba = {Bx — iA^) dx + {By — iAy) dy is the anti-holomorphic piece of the covariant 
derivative operator Da = Ba + Ba on the 4-cycle S, of local complex coordinates {x,y). In 
addition, from (4.2) we obtain the D-term equation 

w AF + ^[^>,^] = (4.4) 

where in this local coordinate system cj can be described as 

w = - {dx Adx + dy A dy) . (4.5) 

On the other hand, one can also obtain the equation of motion for the 7-brane bosonic 
fluctuations from the above BPS equations. Indeed, by defining 

^xy = i^xy) + ^xy Afh = (^m) + Am (4.6) 

As [(<I>),(A)] = 0, Eq. (4.3b) implies is holomorphic in {x,y). If we expand Eqs.(4.3) 

and (4.4) to first order in the fluctuations {if,ax,ay) one obtains 

B(^A)^ + im,a]=0 (4.7a) 
B^A)a = (4.7b) 

1 

2 

where a = a^dx + aydy and f = ifxydx A dy. These are indeed the zero mode equations of 
motion for the bosonic fluctuations as obtained from the 8d action derived in [55], and which 
pair up with the zero mode fermionic fluctuations in 4d = 1 chiral multiplets as (flm, V'm) 
and {^xy,Xxy)- The equation of motion for the latter degrees of freedom can be obtained 
from the part of the 8d action bilinear in fermions, and read [55, 178] 

9aX + ^[^,V'] -2i\/2w AaAr/ = (4.8a) 
BAi'-iV2[^,v] = (4.8b) 

ojABa^-^[^,x] = (4.8c) 



^ A 5(A)a --[($),(/;] =0 (4.7c) 
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where for simplicity we have replaced (<1>) — )• ^ and (A) — )• A, and have included the fermionic 
degree of freedom within the gauge multiplet {A^,r]). The latter set of equations can be 
expressed in matrix notation as 

Da^' = 



(4.9) 



where 






D^ 


Dy 


D, 









Dy 


Dy 


D, 





-Ds 


D, 


-Dy 


Ds 






J 



V 



Xxy 



(4.10) 



where Dr, 



dm. i \A'rr 



m 



X, y, z is the covariant derivative. In order to define D^ we are 



identifying = ^^y and imposing that all fields are z-independent, so that D^. 



-A^xy.- 



These identifications arise from relating a system of intersecting D7-branes with a system of 
magnetized D9-branes by T-duality. In such D9-brane picture Eq. (4.9) is nothing but the 
standard Dirac equation for the fermionic zero modes, Da being the usual Dirac operator. 
That allows to write down the eigenmode equation for the 7-brane massive modes in a rather 
simple way. Analogously we can write the eigenmode equation for the 7-brane massive modes 
with 



'A'-L'A ^ = Rpi 

where rup is the mass of fermionic mode and Da^ is given by 

/ 



(4.11) 






Ds 


Dy 


Ds 


D-^ 





-D, 


Dy 


Dy 


D, 





-D 


D, 


-Dy 


D^, 






(4.12) 



4.2.3 A f/(3) toy model 

We are going to consider now a simple toy model made up of three intersecting D7-branes 
as an example of the F-theory local model building features shown above. In particular, we 
are going to consider a U{3) gauge theory on a four-cycle S of local holomorphic coordinates 
(x,y), and such that the transverse position field <I> has the vev 



1 



\ 



\ 



fl 



\ 



xyl 



^0 + 



X + 



y (4.13) 
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where m^^, m^^ and are mass scales introduced so that ^xy has the usual dimensions 
of L^^. In the following we will assume for simplicity that 



ml 



(4.14) 



From (4.13) it is easy to see that the initial gauge group is broken as f/(3) — )■ U{\Y 
by the effect of alone, and there is then a rank two enhancement U{\) — )• U{2>) at the 
point p = {(x, y, z) = (0, 0, <I>o/3)} where the three D7-branes intersect. It can be interpreted 
geometrically as the fact that the three D7-branes of this model wraps a different four-cycle, 
algebraically specified by 



7 



3z + 2x - y - $0 
3^ — X — y — <I>o = 
32: - X + 2y - $0 











that intersect in the following two-cycles of 5 = {z = <I>o/3} 



(4.15a) 
(4.15b) 
(4.15c) 

(4.16a) 
(4.16b) 
(4.16c) 

Each of these curves represent a different sector for the fluctuations of a U{2>) adjoint 
field around the intersecting point where C/(3) remains unbroken. These fluctuations come 
from both bosonic fields {(j),ax,ay) and fermionic fields in the vector ^ in (4.10). In partic- 
ular, left-handed 4d chiral fermions in the bifundamental will arise from U{3) off-diagonal 
fluctuations of ^, that we label as 

\ 







= {x 


= 0} 


Sf} n '. 




= {y 


= 0} 






= {x 


= y} 



( 



\ 















b+ 


C+ 


bfh 






m = 0, X, y, z 



(4.17) 



while their CPT conjugates will be contained in the off-diagonal entries of 



If we assume that {^xy) lives in the Cartan subalgebra of Gp then [($), (<!')] = and so 
eqs.(4.3b) and (4.4) imply that {F) is a primitive (1, l)-form on S. On the other hand, this 
{F) is the non-trivial magnetic flux that we need in order to obtain chirality. As it happened 
with (A), it is choosen such that [{(^xy) ■, {F)\ = 0. More precisely, in our f/(3) model, a 
convenient choice is given by 

1 



{F) = i {Mx dx Adx + My dy A dy) 



\ 



1 



(4.18) 
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so that the background D-term equation (4.4) is satisfied by imposing My + Mx = point- 
wise. For simplicity, in the following we will assume that M^ and My are constant. 



In order to derive the chiral spectrum wavefunctions of this toy model let us consider 
Eq. (4.11). In general we have that 



Da^Da 



-AI, 



4 -i 

















<^+— 


F - 

J^yx 


F - 

^ zx 





F - 




F - 





F - 
^ xz 


F - 

J^yz 


a 



(4.19) 



where we have defined Fnz = D^^xy and^ 



A = {Dx,Dx} + {Dy,Dy} + {D„Ds} 






(4.20) 
(4.21) 



Finally, Fnm ~ \Fnm, ■] acts in the adjoint on the C/(3) gauge indices of which implies 
that the worldvolume fluxes Fnm, are felt differently by each matter curve. Indeed, for the 
sector in (4.17) we have 



Da^Da = -{K±^Mxy)li ± 



\ 



where M^y = \{Mx + My). For the sector we have instead 



Da^Da 



-(Afe± ^M^y)l4 ± 



2Mxy 














Mx 


- 


iml 








My 








im% 








have instead 






2Mxy 














-Mx 














-My 


im 








-iml 






(4.22) 



(4.23) 



^In our conventions the anticommutator is given by {^4, B} = + BA). 
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and, finally, for the sector we have 



Da^Da 



-Af.±l4 lb TTlg 



^ ^ 



z 
-i 
-i i 



(4.24) 



Given these expressions and the fact that Mx, My and m$ are constant it is easy to find 
the spectrum of eigenvectors of Da^Da in terms of the eigenfunctions —Aipp = p^ilip of the 
Laplacian. Indeed, in the case of the sector we find that the eigenvalues and eigenvectors 
of the squared Dirac operator are given by 








; \mp\' =p^± {My - Mxy), ^ 



( \ 




1 



V^p (4.25a) 





A+ 



/ n \ 



^p ; \mpf = p2 ± (A^ - Mxy), ^ 



where 



A 



I 4 



(4.25b) 



(4.26) 



The precise expression for ipp does in principle depend on which sector we consider, as the 
Laplacian (4.20) depends non-trivially on the gauge potential A, which acts differently on a^. 



It is convenient to express the zero mode wavefunctions in the holomorphic gauge 
introduced in [178], in which only the holomorphic components of (A) are non- vanishing. In 
the model at hand, such gauge reads 



(A) 



hoi 



[Axdx + Aydy) 



1 



Ax 

A. 



y 



-iMxX 
-iMyV 



(4.27) 
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and it is easy to see that the modes satisfying the zero mode equation (4.9) for the sectors 
are given by 



*0,a± 







"00. a±, 



(4.28) 



V 1 / 

with fa± an arbitrary holomorphic function on the intersection coordinate y. In fact, from 
the Laplace eigenfunction ipQ ^± one may easily construct all the other eigenfunctions of the 
Laplace operator A(j±, and so the full spectrum of massive modes in this sector. 

A similar discussion can be carried out for the sectors and c^. We obtain that the 
zero mode wavefunctions in the holomorphic gauge for these sectors are 





■A? 



- P±A?lal = 



(4.29) 



and 



where 



*0,c± = 



A 



V 



7cm* e 



\a\x-y\ 



+ ml 



A. 



(4.30) 



(4.31) 



2 V V 2 y ' ' V2 

In addition, we are going to assume that Mx < < My, so that the sectors of interest for 
computing zero mode Yukawa couplings are a'^, and c"*". Finally, in (4.30) we have intro- 
duced a normalization factor to be fixed later. 



4.2.4 Yukawa couplings 

Substituting F = dA — iA A A in the superpotential Eq. (4.1), one obtains a trilinear term of 
the form 

WYnk = -imt [ Ti{AaAA<I>) (4.32) 
Js 

which is interpreted as a Yukawa coupling among the zero modes of A and Following 
the idea of local F-theory models, charged massless matter resides at curves where 7-branes 
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intersect and therefore the Yukawa couphngs Y^l^ are generated at the intersection of three 
matter curves S^, '^b and Sc, whose zero modes are respectively indexed by i, j, k. 



The zero modes we are dealing with in the U (3) model are ipfh, which are the superpart- 
ners of the fluctuations of A, Xxy, that belongs to the same multiplet as the fluctuations 
<Pxy of $ and the fermion rj in the gauge multiplet. However, in (4.32) rj does not contribute 
to the Yukawa couplings. Hence, it is useful to define the vector 



(4.33) 



which is a subvector of ^ in (4.10) in order to describe the Yukawa couplings. Here ta is a 
generator of the Lie algebra of the enhanced group Gp at the Yukawa point p, with the 
normalization Trtatjj = Jq^. More precisely, is the generator associated to a root a of Qp, 
which in turn corresponds to a matter curve Sq going through that point. The components 
of ipa are scalar wavefunctions describing localized modes at such curve, and in particular its 
zero modes. As each curve may host several zero modes, we will label each zero mode vector 
by 'i/'a! i being the family index. 



Inserting the zero modes in Wyuk gives the couplings 



abc 



m^fabc / det (V'a, i'b 1 V'c ) dvols 
Js 



where fabc = — ^Tr ([ta, t;,]tc) and the integration measure is given by dvolg 
dy A dx A dy. 



(4.34) 

= dx A 



In order to calculate the Yukawa couplings Y^^^ for the U (3) toy model we are going to 
use the holomorphic gauge. Since the couplings are gauge invariant we can make this choice 
in which the zero modes take a simpler form. Turning on 7-brane fluxes < < My, there 
will be normalizable zero modes in the a"*" and 6+ sectors, which couple to those in the c"*" 
sector. Indeed, given the ?7(3) structure displayed in Eq. (4.17) we see that 











^ ^ 



1 









10 



(4.35) 



and so Tr([ta+, t6+]tc+) = 1- The Higgs will be placed on matter curve Sc which corresponds 
to the non-chiral sector, while the chiral families will arise from the curves and S^, and 
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will be indexed by i and j respectively so that the Yukawa couplings will be denoted by Y*-' . 



We can arrange the the vectors (4.33) of Sec. 4.2.3 such that 



/ iXa\ 



/ ^ 

iXb 



b+ 



\ ' J 



( iK \ 



Xc+ (4.36) 



V 1 / 



where Aa = , Aj, = A^^ and Ac are defined in (4.26) and (4.31), and the scalar wavefunctions 
X are given by 



=Ac|x-y|2 



Xi+ = e^''l^lV.(y) ; Xl = e^^^y^'g,{x) ; Xc+ = Tc^.e^^l^-^l' (4.37) 

Following [176] we are going to use a basis in which fi{y) = TajW-t"'?/^"* ^-^id gj{x) = 
76j?7i^~-'x^~-^ , with i,j = 1, 2, 3 for the different zero modes, mimicking the physical case with 
three families of quarks and leptons. The normalization factors jai and jf,j will be fixed later. 



Substituting in Eq. (4.34) readily gives the couplings 

,2 



ijc^iXaXb + XciXa + Xb)] I e^^\^\''+^>'\y\''+^^\^-y\''f,{y)gj{x) dvol^ (4.38) 



s 



Even though we are working with a local model for S, to evaluate the integral in (4.38) we 
extend |x| and \y\ to infinite radius. This is justified because the exponentials are localized 
on the matter curves and the error due to extending the Gaussian integrals is negligible. 



Notice that the exponential and the measure of the integral are invariant under the 
diagonal U{1) rotation x — >• e*°x and y — )• e'^°'y. Therefore, the only non-vanishing coupling 
is Y^^ because /a and are constant. Then, we only need to integrate the Gaussian part of 
the integral of Eq. (4.38) 



^X,\x\^+XMH\c\x-y\^ 



dvolcj = 7T^[XaXb + Xc{Xa + Afe)]~^ 



(4.39) 



Hence, the only non-vanishing Yukawa is given by 



Y 



33 



2™* 



m5 



(4.40) 



With normalization 7^3 = 7f,3 = 7c = 1, the coupling is completely independent of the 
worldvolume flux, and hence it agrees with the fact that we are working in the holomorphic 
gauge, as we mentioned at the beginnig of the chapter. 
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4.3 Non-perturbative effects on intersecting 7-branes 

We have just shown that for our U (3) toy model, the Yukawa couphngs do not depend on 
7-brane worldvolume fluxes, where these fluxes satisfy the F-term BPS conditions (4.3b) 
at the level of background. Indeed this result is more general than the case of this ?7(3) 
model [179] and has very important consequences from the viewpoint of the fermion mass 
matrices. In particular, , if all Yukawa couplings arise from a single triple intersection, the 
Yukawa matrices derived from (4.34) will have rank one for any choice of worldvolume flux, 
and so only one family of quarks and leptons will receive a non-trivial mass in such F-theory 
construction [179]. As in the case of toroidal orientifolds one could think that this a good 
starting point to generate the observed hierarchical structure of fermion masses. Still this 
means that we need an extra ingredient beyond the intersecting 7-brane setup in order to 
avoid this rank-one Yukawas result. 

In [184] it was proposed that such extra contribution to the Yukawa couplings will in 
general arise from non-perturbative effects on a 7-brane far away from the GUT 4-cycle S, 
as was illustrated in Fig. 4.1. Indeed, if we consider a distant 7-brane whose 4d gauge theory 
undergoes a gaugino condensation, then a non-perturbative superpotential will be generated 
for the GUT 7-brane fields, perturbing the previous tree-level superpotential. In particular, 
there will a non-trivial contribution to the tree-level Yukawa couplings, so that we will instead 
have 

where ^tree corresponds to the tree- level contribution (4.34), while Ynp' stands for the new 
set of Yukawa couplings that arise at the non-perturbative level. In general \Ynp^\ « \Y^^^J, 
and the non-perturbative couplings will provide a slight deviation from the tree-level rank-one 
result. On the other hand there exists an equivalent scenario in which instead of a gaugino 
condensate on a 7-brane one considers the effect of an Euclidean 3-brane on the same 4-cycle. 

In fact, as it has been shown in [184], there is not only one, but rather several approaches 
that one may use in order to compute (4.41) and it can be computed rather precisely in the 
case of intersecting 7-branes. The purpose of this section is to introduce two of these ap- 
proaches. The first approach consists in computing the non-perturbative effect at the level 
of the 4d effective action, in terms of a non-perturbative superpotential W^p generated for 
the 4d massless and massive fields of the GUT 7-brane. In the second approach the non- 
perturbative effect is now seen as a non-commutative deformation of the functional (4.1), in 
the sense of [179]. 
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4.3.1 4d approach 

In general, when computing non-perturbative effects in a string compactification, one does so 
at the level of the 4d effective theory. In particular, for the 7-brane setup considered above 
one would first compute the gauge kinetic function fj^^^ of the stack of n 7-branes undergoing 
a gaugino condensation, and then use the standard 4d expression 

to compute the gaugino condensate contribution to the 4d effective superpotential. Here 
/X ~ m=K is the UV scale at which /rnp is defined. From the IR viewpoint, /ynp should be 
understood as a holomorphic function of the 4d chiral multiplets of the theory, which arise 
either from the bulk or from the 7-brane sectors of the compactification. More precisely, such 
7-brane kinetic function is of the form 

/7„p =Tnp+/,V;°°'^(B„C,) (4.43) 

where the first contribution amounts to the gauge kinetic function fj^^^ computed at tree-level, 
and is given by the complexified Kahler modulus T^p = Vol (S'np) + ^ corresponding to 

the 4-cycle 5np wrapped by the gaugino condensing 7-branes. The second contribution arises 
from threshold effects, and is given by a holomorphic function fj^_^°°^ of the bulk/closed 
string fields {Bi}, and of the 4d fields {Cj} arising from the remaining 7-brane sectors of the 
compactification. 



From this 4d viewpoint, the main problem is to find fj^^^°°^ as a function of massless 
and massive 4d fields. This is however implicit in the expression 

/i-'°°P = -nlogA - ^ f STr(log/iF AF) (4.44) 

s 

derived in [184]. Here h is the divisor function of the 4-cycle S'np = {/i = 0} where the 
non-perturbative effect is taking place, and ^ is a function of the bulk/closed string fields Bi 
which will not play any role in the following discussion and can be replaced by their vev {Bi). 
While log h is a scalar bulk quantity, when plugged into the expression (4.44) one should 
follow the prescription of [191] and consider its non-Abelian pull-back into S. That is 

logh = logh\s + m^^'^"'[C^\ogh]s+ m^^<^'^<^'^[CmCnlogh]s + ... (4.45) 

with Cm = the Lie derivative along a vector X^a transverse to S. Since h is holomorphic 
so will be Xra and so, in the local coordinate system used above, we should take Xm = z. 
Also, if as we assume that S'np is distant from our GUT 4-cycle S, and in particular that they 
do not intersect, then h\s will be a holomorphic function of S with no zeroes or poles, hence 
a constant. This implies that 

-2 /. 

- /r"'"'' = nlog ^ + A^D3 log + ^ / [5,log h\s Tr (cD^ F A F) + . . . (4.46) 
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where Nd^ = (Svr^)^^ Tt{F A i^) E N stands for the D3-brane charge induced by the pres- 
ence of F and we are not displaying higher orders in mj^. Clearly, the dependence of f^~^°"^ 
on the 7-brane fields {Cj} arises only from the third term of the rhs of (4.46), and is still 
implicit in the integral over the GUT 4-cycle S. In order to extract such dependence one 
must insert the internal wavefunctions for the fields {Cj} in the term Tr(<I>^ F AF), and then 
perform the integral over S in order to obtain the different 4d couplings. 



Once done so, it is straightforward to compute the non-perturbative contribution to 
the full 4d superpotential. Indeed, inserting (4.46) into (4.42) we obtain 



4d 
np 



;U=^(^e-^"p/"/i^°^/'^|5)exp 
(m|n)-i 



87r2 



8vr2 JS 
[d,logh]sTr{<i>' F AF) + 



[d,\og h]s Tr {<S>' F A F) + ... 



(4.47) 



where we have defined e = Ae "^"p/"'/i|^°^''". Upon further defining 
up to a constant term we have 



^Iw^ ^zlog/tls and 



' ' np 



4 t 

*2 



/ 9Ti:{^,yFAF) 
Js 



(4.48) 



where we have identified = ■ We can then approximate the total 4d superpotential 

by 



[ Tr($^yF) AdxAdy+^ [ OTi ($^yF A F) 
Js ^ Js 



(4.49) 



Notice that in this approach the total 4d superpotential is obtained by inserting the 
zero mode wavefunctions computed at tree level (i.e., the ones of section 4.2) into (4.49) and 
then performing the appropriate integral. That is, we are dimensionally reducing (4.49) with 
tree level wavefunctions and background values in order to obtain new 4d couplings generated 
non-perturbatively, and from there performing a 4d analysis. This is in contrast with the non 
conmutative philosophy applied in the next subsection, where new internal wavefunctions 
need to be computed from the very beginning. 



4.3.2 Non-commutative approach 

In the 4d analysis of Sec. 4.3.1 the field theory is obtained from dimensional reduction of the 
8d fields living on the worldvolume of a stack of 7-branes. In this sense the superpotential 
at tree level TVtree is obtained from reducing the functional (4.1) that depends on the 8d 
fields {Am,^xy)- Concerning W^p, it has a different origin, it arises at the level of the 4d 
effective action through the expression (4.42). Nevertheless, as it is clear from Eq. (4.49), 
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both superpotentials may be expressed as a sum of two functionals that depend on the 8d 

fields {Afa,^j:y). 

In this subsection we are going to analize the Wtotai from the non-conmutative 8d point 
of view. The non-commutative superpotential (4.50) was proposed in [179] as a way to over- 
come the Yukawa rank one problem discussed in section 4.2. For this case the superpotential 
is given by 

W = mt j TV (^d ® (4.50) 

In this formalism, 7-brane fields A and ^> should be multiplied according to a non-commutative 
version of the usual scalar and wedge products. More precisely, two scalar functions / and g 
will be multiplied by the holomorphic Moyal product, which reads 

f^g = fg + \e e^^difdjg + o{e^) ey^ = -e^y = e (4.5i) 

whenever is a constant. For non-constant 6 = 6{x, y) this definition has to be modified, as 
explained in appendix B of [179], where also the non-commutative version ® of the ordinary 
wedge product was discussed for this case. 

In what follows we will not dwell into the intrincate aspects of non-conmutative field 
theory but rather use the non-conmutative formalism of [179] as an efficient method to obtain 
the local wave functions required to compute the Yukawa couplings. 

Just like for its commutative counterpart (4.1) we may compute the F-term equations 
for (4.50). Following [179] they read 

Ba^A = d^- i[A, 6]* = (4.52a) 
^(0,2) = QA-iA®A = (4.52b) 

where A = Axdx + Aydy is a (0, l)-form. As in section 4.2, these equations greatly simplify 
if we take a non-commutative version of the holomorphic gauge of [178], namely setting 
{Afn) = for rh = x,y. Indeed, we then have that at the level of the background they amount 
to set {^xy) holomorphic. In addition, defining the non-commutative fields fluctuations as 

^xy = i^xy) + ^xy = (^m) + (4.53) 

and expanding (4.52) to first order in fluctuations we find the wavefunction equations 

drh'Pxy - i[ani, {^xy)] + e^idittn,, djiO'^^^y))} = 0{e^) (4.54a) 

Bxay - Byds = 0{e^) (4.54b) 
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where now all products are commutative, i,j = x,y and again 9^^ = —6^y = 8. 

Besides modifying the wavefunctions, the non-commutative superpotential (4.50) also 

induces 9 depending corrections to the Yukawa couplings. In particular, W includes the 
trilinear term 

WVuk = -imt j Tr (^i ® i ® 4>) (4.55) 

which has the e expansion 

Wvuk = Wo + eWi + 0{e^) . (4.56) 
To zeroth order in e such trilinear term reads 

Wo = -imt j Tr (^i A i A 6) (4.57) 
while the first order correction turns out to be 

Wi = m'^dabc / 6 dAa A dAi, ^cxy + cyclic permutations in a, b, c (4.58) 
Js 

where a surface term has been dropped. One can check that the corrected superpotential in 
Eq. (4.58) is equivalent to that in Eq. (4.49) [23]. 

4.4 Wavefunctions and Yukawas in the non- commutative for- 
malism 

The non-commutative approach has a practical advantage for the computation of wavefunc- 
tions and Yukawa couplings. That is the reason why we are going to use this formalism 
for determining the non-perturbative 6 corrections to the Yukawa couplings in our U (3) toy 
model. For this purpose we are going to solve the equations of motion that follow from the 
non-perturbative superpotential W in (4.50) in order to use the zero mode solutions to de- 
termine the 9 corrections corresponding to the trilinear term in W. 

Let us recall that in the holomorphic gauge the F-term equations for the fluctuations 
are given in equations (4.54). In addition there is a D-term which is the non-commutative 
extension of (4.4) [179]. Expanding the non-commutative wedge product according to the 
prescription in [179], and defining the fluctuations as in (4.53), yields the D-term equation 

i^^d^^^a-^m,0]=O (4.59) 

Notice that this equation does not receive 0{e) corrections. Now we are going to use this 
set of F and D equations fordeterminig the zero modes and then for calculating the Yukawa 
couplings in the non-conmutative formalism. 
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4.4.1 Zero modes in the U{3) toy model 

We proceed now to obtain the zero modes in each sector. We will first obtain the case of 9 
constant in more detail and in Sec. 4.4.1 we will briefly discuss an example with 9 depending 
on the coordinates. Following the steps of Sec. 4.2.3 we are going to choose a background 
like the one of Eq. (4.13) in order to break U{3) to U{lf by giving a non zero vev {^xy)- We 
will also take the full enhancement at the intersection point of matter curves Tia = {x = 0} , 
^fe = {y = 0}, and Sc = {x = y} defined as the intersection 2-cycles Eq. (4.16) of the 
non-compact 4-cycles Eq. (4.15) where the 7-branes are wrapping. 

As in Sec. 4.2.4 we are going to define a vector with the components of the fields 
included in the Yukawa couplings representing the different fiuctuations of the backgrounds 
in each matter curve. Hnce as in Eq. (4.33) we define 



'0(a) 



ia = i^ata (4.60) 



where for simplicity we write x = Xxy We are using the fermionic fluctuations which satisfy 
the same equations as their supersymmetric partners {aax,o,ay,'Paxy)- 

To obtain a 4d chiral model we turn on a worldvolume fiux of the form (4.18). We then 
choose the holomorphic gauge in which 



(i) = -'-{Mxxdx + Myydy)dmg{l, -2, 1) (4.61) 



exactly as in (4.27). As in the commutative case we take Mx < < My, so that the normal- 
izable zero modes appear in the a"*", 6"*" and c"*" sectors. The corresponding generators for 
each curve are those given in (4.35). 

The F-term equation (4.54b) arising from i^C^'^) = takes the same form in all sectors 
and will not be written separately. To first order in e it implies that dxipay = dy^pax, which 
will indeed be satisfied by the zero modes determined below. 
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Sector 



Given the generator ta+ one can evaluate the various commutators and anticommutators in 
the F-term equations (4.54a). For generic 9 we find 



dmX 



6 



ems 



[26 - dyOix -2y- 2$o)]5.V'm = ^(e^ 



6 

for m = X, y.We have dropped the subindex = 0"*" that will be reinserted at the end. 



(4.62) 



The D-term equation derived from (4.59) turns out to be 

{dx - Mxx)ipx + {dy - Myy)'ii)y + im%xx = 



(4.63) 



Notice that the worldvolume fluxes and My only appear in the D-term equation. That 
feature makes clear from the beginning that the Yukawa couplings, which only depend on 
the F-terms, will turn out to be independent of fluxes [179]. 



To flnd the zero modes we make an Ansatz motivated by the form of the solutions when 
^ = collected in Eq. (4.36). In particular we set ijjy = 0, which then implies dyil^x = <9gX = 0- 
When is constant we further impose 



m. 



X 



e^'"l"l'G,(y,: 



(4.64) 



In this way the D-term equation is satisfled with Aa = A~, defined in (4.26). The root is 
discarded because it yields zero modes that are not localized on the curve x = 0. It remains 
to solve the F-term (4.62). Inserting the Ansatz for ipx and x gives an equation for Ga{x,y) 
that is easily solved to first order in e. The final result can be written as 



/ iXa\ 



V 




1 



'f^l^'My) - '-f^axf'M ] (4.65) 



where fi{y) is an arbitrary holomorphic function, and i labels the different zero modes. 



Sector 6+ 

In this sector the F-term equations (4.54a) reduce to 

em?' 

BjnX + iml yi^rh + —^[0 - dye{2x -y + 2$o)]5xV'm 

D 

2 

+ '^[2e + dx9{2x-y + 2^o)]dyi,fh = 0{e^) (4.66) 
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for m = X, y. The D-term equation is given by 

{d^ + M^x)ips + {dy + Myy)tpy - im%yx = 



(4.67) 



The subindex a = h'^ will be omitted until the final result. Now it is consistent to set ipx = 0, 
which then requires dx^y = dxX = 0- 



Our previous results for 9 constant suggest the Ansatz 



(4.68) 



The D-term equation is then verified with = A^, defined in (4.31). The auxiliary function 
Gh is determined to first order in e substituting the Ansatz in the F-term (4.66). In the end 
we obtain 



b+ 



1 ^ 

iXb_ 

V ' ) 



9jix) - '-^>^ly^9j{x) - '-^Xbyg'jix) ) (4.69) 



with j indexing different zero modes. 



Sector c+ 

Substituting the fluctuations and the vevs in (4.54a) yields the F-term equations 



drnX + iml{x-y)iprh+^^[d + dye{x + y-2<^o)]dxi'm 

6 

2 

[e + dx9{x + y- 2$o)]9j,Vm = O(e') (4.70) 



6 

for fh = x,y. As before the subindex a = c"*" is dropped. The D-term equation takes the 
simple form 

dxi'x + dy'ipy - imlix - y)x = (4.71) 
In this case the condition ipx = —ipy can be imposed consistently with (4.54b). 

For 6 constant the Ansatz inspired by known results is now 

^. = -V^g = %X ; X = e"^l"-^l'G,(x,y) (4.72) 
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Inserting the Ansatz in the equations shows that it works with Ac given in (4.31). Summa- 
rizing we obtain 



\ 



J 



Xc+ 



\l{x-y)'' 



(4.73) 



To determine Gc we assumed that it is constant at lowest order in e. The reason is that at 
Sc there is only one set of zero modes corresponding to the Higgs. The constant is taken to 
be 7cm*, where 7c is an adimensional normalization factor. 



Zero modes with 9 coordinate dependent 

If we use a 9 constant it turns out it is not possible to generate a realistic pattern for the 
Yukawa couplings. This motivates us to consider a more general case with 9 coordinate 
dependent. We have been able to find the zero modes in closed form when 9 is the linear 
function 

9 = eQ + 9ix + 92y (4.74) 

where the 9£ are constants. In this case it is no longer consistent to make an Ansatz such as 
(4.72) in which the non-zero V'am are proportional to Xa- 

To illustrate the strategy that works for the linear 9 let us focus in the o"*" sector. Again 
it is allowed to take il^a+y — 0- The new Ansatz for the non-trivialfluctuations consists of first 
setting 

Via+x = -%e^"'"''^a(2/,x,x) (4.75) 

and then solving for from the D-term equation (4.63). The constant Xa is again equal to 
the A~ defined in (4.26). It thus follows that 

Xa+ = e""l"'l' (Ha + -^d.Ha) (4.76) 
V mix ) 

We also impose the condition that Xa+ ~^ fiiu) when x — )• 0. To determine the function Ha 
we substitute the above ipa+s and Xa+ iiito the F-term (4.62) and solve to first order in e. In 
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this way we find 

Ha = fi{y) + e6loXQo + e9i ( xai + AJ liy)] + ^^2x02 

«o = -'-Xlxfiiy) - '-XafKy) (4.77) 

«2 = -%y/;(y)-^(^^^ + 2yx + cI>ox)/.(y) 
6 6 \{Xi + 2m%) J 

Notice that for 6 constant we recover our previous result (4.65). We remark that the F-term 
equations are satisfied to 0(e) for any Xa- Hence, we expect the Xa dependence to drop out 
completely in the computation of Yukawa couplings. 

The wavefunctions in the 6"*" sector can be found in a similar fashion. We start with 
iph+x = 0) together with 

4,,+y='-^e^M'H,{x,y,y) (4.78) 

where A;, is equal to defined in (4.31). The corresponding xjj+ is such that the D-term 
equation (4.67) is verified and is required to satisfy X6+ — ^ 9j{x) when y — )• 0. The function 
Hfy is determined from the F-term eq.(4.66). To order e it is given by 

The Pi are obtained from the ai in eq.(4.77) as /3o = oq, (3i = 02, and (32 = "i, upon the 
exchanges x ^ y, Xa ^ Xb, and fi{y) — >■ gjix). The F-term equations do not constrain the 
value of Afe. 

In the sector we take 

= ^e"=l^-^l'Fe(x, X, y, y) = -4+,- (4.80) 
m| 

where Ac = — m|/\/2- From the D-term equation (4.71) Xc+ is then determined to be 

V "ii x-y J 



For He we make the Ansatz 



He = m^-ic [1 + (-{x - y){6ouo + 6*11^1 + 6*21^2)] 



(4.82) 
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and deduce the z/^ substituting in the F-term eqs.(4.70). This procedure yields 

uo = -'-\l{x-y) (4.83) 
^1 = lonfi , . {2A, - (x - j/) [(2Ag + 3ml)x + (2Ag + m|)y - 2(Ag + m|)cl>o] } 
1^2 = - -|o/^2^i 4, {2A, + (x-^) [(2Ag + 3m|)x + (2Ag + m|)y-2(Ag + m|)cDo]} 

These solutions can be simplified inserting the actual value of Ag. However, the F-term 
equations are satisfied for generic Ac- 



4.4.2 Yukawa couplings in the f/(3) toy model 

In this section we are going to calculate the corrected Yukawa couplings up to 0{e) order for 
our ^7(3) toy model. For this purpose we are going to use the wavefunctions determined in 
section Sec. 4.4.1. As was commented before, we take the Higgs to arise from the curve Sc, 
whereas the quark and lepton families come from the curves and S^, and are indexed by 
i and j respectively. 

The full Yukawa couplings Y^^ have two types of contributions denoted by Yq-' and Y/-' . 
Both contributions come respectively from the two terms of the trilinear superpotential WVuk 
given in Eq. (4.56). Namely, Yq is given by (4.34) replacing the zero modes defined in ipa by 
the ones defined in tpa- On the other hand, from Wi in (4.58) we obtain a contribution 



■J s 

+ cyclic permutations in a, 6, c (4.84) 



Both pieces Iq and Yi have an e expansion since the zero modes can be written as -0 = 
^(0) _j_ _|_ C)(e^). Taking into account the expansion of lYvuk we see that indeed the 
Yukawa couplings have the schematic structure 

Y = yJ°) + e (yJi) + Y,(°)) + 0{e^) (4.85) 

where we have omitted indices for simplicity. Here 1^^'^^ and l^^^'* both originate from Yq. 
More concretely, Ylf'' is computed from (4.34) replacing ^fl^ by (V''a)*''^\ whereas Y^^'' is given 
by 



+ det dvols (4. 
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with tpl^ replaced by ■0^. On the other hand, the 0{e) contribution Y^^^^ is computed inserting 
the uncorrected wavefunctions (ipa)^^'^ in (4.84). 

Concerning the holomorphic functions appearing in the wavefunctions we again adopt 
the basis of [176] in which fi{y) = "fai'^t~^y^~^ ^-^d gj{x) = ji,ji^t~'' x^~^ , with i,j = 1,2,3. 
The normalization factors jai and jfjj will be specified later. 

We will first determine the couplings when 9 is constant. The calculation simplifies con- 
siderably because the wavefunctions il^am are either zero or are proportional to x« as shown 
in equations (4.64), (4.68) and (4.72). From section 4.2.4 we already know that {Yq^^Y^ is 
zero for i 7^ 3,j 7^ 3, and (Yq^^Y^ = —iTr'^'^ai,lb3lc'nA/™'%- We will then concentrate on the 
pieces 1^^^^ and Y^^'' for which we can write down explicit expressions using the properties of 
the wavefunctions derived in section 4.4.1. 

Inserting the known wavefunctions in (4.86) we obtain the 0{e) contribution from Wq 
6m|, 

II' = j^\^h{y)g,{x)[\l{x-yf + \lx^ + \lf] (4.87) 
+ [\axn{y)g,{x) + hyh{y)g'j{x)\ y^M-'+My^+^Ax-y? ^wols 
Substituting in (4.84) yields the 0{e) contribution from Wi 

Ii = - y) [(Aa^ - A^y) fi{y)gj{x) + \af'i{y)gj{x) - XbMy)g'j{x)] 

+ Xah [XaXbxyMy)gj{x) - My)g'^{x)] y^a\.\'+^M'+^.\.-y\' ^^^i^ (4.88) 

This formula is also valid when 9 is coordinate dependent. Here we have used that in the 
U{3) model da+b+c+ = S^{^a+,h+Ac+) = I- 

The coupling does not receive 0{e) corrections. Indeed, the integrals appearing 
in {Yq^^)^^ and (Y^^^)^^ vanish because the product of wavefunctions in the integrand is not 
invariant under the diagonal U{1) rotation x — )• e*"j; and y — )• e*"y. By the same token we 
also conclude that for constant 9 only the couplings Y'^'^, Y^^, and Y^^ can be different from 
zero. 
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To evaluate the integrals we extend |x| and \y\ to infinity as we did in absence of 9 
corrections obtaining 



Y 



22 



3m| 



-7a27b27c 



31 



3777| 



-7a37bl7c 



Y 



13 



3m| 



7ai7b37c (4.89) 



Observe that, up to normalization, the couplings are independent of worldvolume flux, in 
agreement with the general result of [179]. 



Besides the 9 constant case, we have calculated the couplings for perturbations linear 
in the local coordinates, i.e. 

9 = 3ii9o + 9ix + 92y) (4.90) 

where the 3i factor is added to simplify the results. Inserting the wavefunctions given in 
section 4.4.1 and evaluating the integrals leads to the Yukawa matrix 



Y 

y33 



\ emi^^{9o + 92^0 



^"^*^[(^i + ^2)'^o-^o] 



em2 2^(0o + ^i^o) ^ 



em,^^92 



(4.91) 



As expected, up to normalization the couplings are independent of worldvolume fluxes. 



4.5 Flux dependence, D-terms and Yukawa couplings 

One interesting feature of the ?7(3) example developed in last sections, is that for the case of 
constant fluxes and linearly dependent perturbations displays a hierarchical structure which 
could be useful in a more realistic local SU{5) F-theory GUT. In particular, setting = 
7;,j = 1, one observes that the Yukawa matrix Eq. (4.91) has eigenvalues of order 1, e, and 
hence has a promising structure to generate such mass hierarchies. In this section we will 
discuss possible phenomenological implications of the Yukawa structure obtained in the last 
section. 

4.5.1 The Y{D) = Y{L) problem 

Despite of the hierarchical structure of Eq. (4.91), the Yukawa couplings are flux independent 
and this has an important consequence from the phenomenological point of view. In an SU{5) 
local GUT the Yukawa couplings of D-quark and leptons come from couplings 10 x 5 x 5h and 
before the addition of hypercharge fluxes one has identical Yukawa couplings for D-quarks 
and leptons of all three generations, i.e., Y^^{D) = Y^^(L). Since Eq. (4.91) is independent 
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of fluxes this equality will persist even after the addition of hypercharge fluxes. These equal- 
ities are however not consistent with the measured quark and lepton masses of the first two 
generations. 



Actually, this seems to be a general problem of Yukawa couplings in local F-theory GUT 
models, and is ultimately connected to the existence of the holomorphic gauge discussed in 
previous sections. Using this holomorphic gauge the fluxes disappear from the local F-term 
equations and the resulting holomorphic Yukawas are flux independent. 



4.5.2 Normalization and flux dependence in physical couplings 



As we commented in Sec. 4.2 the gauge we have been using for calculating wave functions 
and Yukawas is the holomorphic gauge for practical reasons. However this is not a physical 
gauge and we need to make a gauge tranformation to the so called real gauge. In this real 
gauge 

/ 

1 



real 



- [Me {xdx - xdx) + My {ydy - ydy)] ^ 



1 



V 



(4.92) 



Let us consider the a sector and to simplify let us impose the BPS condition on the fluxes 
i.e. M 

the a"*" sector. The wave functions in real gauge will be given by 



X — M and My = —M. We take M < so that the normalizable zero modes are in 



j;i-eal 



V 



ml 


1 



real 
Aa I 



(4.93) 



where Aa = is defined in Eq. (4.26) and the real scalar wavefunction is 



real 
Aa I 



(4.94) 



In this gauge it is no so straightforward to see that Yukawas are flux independent as 
in the holomorphic gauge case because in this case fluxes are present both in F-term and 
D-term equations. However because of integrands in Yukawa couplings are gauge invariant, 
the result of the calculation of Yukawas is the same as in Eq. (4.91) i.e. flux independent. 



Nevertheless the wave functions we have been using to compute the Yukawa couplings 
were not normalized as they should if one is to compare with physical quantities. Notice from 
Eq. (4.94) that in the real gauge an exponential suppression along the y coordinate is made 
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explicit. The wave function is only sensitive to local physics and one can normalize the wave 
function without the addition of any volume dependent cut-off. To normalize the states we 
perform the integration 



s 



+ m%[\M\/ml) 



where we have extended the integration along |x| and \y\to infinite radius as in the calculation 
of Yukawa couplings. The normalization condition amounts to imposing 

reali 7real\ 2 / rp /- Treal T'freaK 



{i^TWaT) = < Tr (V^r • i^lT ) dvols = S,, (4.96) 

where the 5ij structure arises because the exponentials in the wavefunctions, as well as the 
measure, are invariant under the diagonal U{1) rotation x — )■ e*^x and y — )• e^^y. Upon 
normalization we get 



(|M|/m2)3-i vr^mt, / 4m^ ^ 



2 

''"^ ~ {3-i)l '^'^'^ ' ~ 2m| ' ' I^P' 



where Ma is generation independent. Note that in the dilute flux limit m^,,m^ ^ \M\ one 
has Na ^ mi/{ml\M\). 



Similar results are obtained for the matter fields in curve b. In the case of the curve c 
with the flux choice in section 2 there is no flux along the curve. In this case the exponential 
damping along the curve is missing and one has to take a volume dependent cut-off in order 
to normalize the wave function. However, we will not need to do so because in the Yukawa 
coupling ratios in Eq. (4.91) the normalization of the c curve cancels out. Plugging these 
values for 7ai,7fej in eq.(4.91) one obtains a matrix 



Y 

y33 



\ ^£(^0 + ^2^0 



\M\e[{ei + 62)^0 



^€(^0 + ^1^0^ 

1 



(4.98) 



As we can see, the physical Yukawa couplings do now depend on the fluxes. Notice that there 
exist an invariance under the rescalings 



(eeo,e^i,2,$o,M) ^ (A^e^o, Ae^i,2, A^>o, A'^M) 



(4.99) 



and there is no explicit dependence on the "stringy" scales m=K , m$ . This is as it should 
since Yukawa couplings in type IIB string compactifications may be computed in the large 
volume limit just in terms of the compactified lOd field theory, without explicit reference to 
any string theoretical scale. 
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4.5.3 A model of quark-lepton hierarchies 

We can take the U{3) — t- U{1) model developed in last sections as a toy model for the 
50(12) — SU{5) and — )• SU{5) symmetry structure underlying the 10 x 5 x 5h and 
10 X 10 X 5h Yukawas in a local SU{5) GUT. In order to achive the breaking of SU{5) 
GUT down to the SM in local F-theory GUT's it is also necessary to turn on a worldvolume 
magnetic field Fy for the hypercharge generator in SU{5). In these local models the matter 
is localized at the curves and then it is feeling both the flux in the matter curves coming 
from the U{l)a and the hypercharge flux in the 4-cycle Squt- Although the net hypercharge 
flux on the matter curves associated to quark and leptons is assumed to vanish (so that the 
SM family spectrum is not spoiled), the local value of the hypercharge flux density at the 
intersection Yukawa point is in general non- vanishing. This effect can then make the physical 
Yukawa couplings sensitive to the hypercharge flux. 



One can model out this situation by taking the above wave functions with constant 
fluxes and making the replacement M = Mq + YMi in the physical Yukawa couplings in 
Eq. (4.98). Here Mq, Mi are the curve flux and the bulk hypercharge flux respectively, and 
Y = 1, —4, 2, —3, 6 are the hypercharges of the SM fields Ql, Ur, Dr, L, Eji respectively, in 
standard notation. This may be a good approximation to the extent that the local flux in 
the vicinity of the Yukawa point may be slowly varying. This might be the case recalling 
that the physical Yukawa coupling and the normalized wave functions are only sensitive to 
backgrounds in the vicinity of this Yukawa point. Left- and right-handed fermions in a given 
coupling have different hypercharges li.ij so that one finds that the ratio of physical Yukawa 
couplings have a hypercharge dependence of the form 



Y 

y33 



0{e^) e[(^i + 02)^0 -^o]|MiMfi|i/2 e02|Mfi|i/2 

\ {9o + 02^o)^\Ml\ e9i\ML\^l^ 1 



(4.100) 
where 

Ml = Mo + YlMi , Mr = Mo + YrMl (4.101) 

In 5[/(5) GUT's the right handed D-quarks live in a 5 matter curve whereas the left- 
handed quarks Ql live in a 10. For the leptons the opposite happens, left-handed leptons 
L live in the 5 and the right-handed leptons in the 10. This means that when going from 
a D-quark Yukawa matrix to a lepton matrix we have to interchange Yr, Mr o Y/,, Ml. In 
the case of [/-quark masses Yukawa couplings come from an intersection 10 x 10 x 5h, both 
left and right [/-quarks are in a 10 and one has to symmetrize the Yukawa coupling. Note 
also that in this noted in [56] the 10-plet matter curve must self-pinch or rather both 

10-plet branches must be related by some discrete symmetry [177] in order to be able to get 



4.5 Flux dependence, D-terms and Yukawa couplings 



117 



eventually rank=3 matrices. We will further assume that there is a single intersection point 
of matter curves for each of the two types of Yukawa couplings. 



It is interesting to check numerically whether this kind of structure is able to de- 
scribe the observed hierarchy of fermion masses and their mixing. Since the above matrix 
is not hermitian it is simpler to compute the eigenvalues and eigenvectors of its product 
by its adjoint and take the square root. We have looked for values of the six parameters 
600, €01, 602, ^0, Mq, Ml (with all parameters real for simplicity) able to reproduce the ob- 
served fermion hierarchies and mixings. Note that in a realistic setting these sets of parame- 
ters are different for the D/L and the U physical Yukawa couplings since the corresponding 
intersection points are in general different in a SU{5) local GUT. We will compare the results 
with the observed ratios of physical Yukawa couplings all evaluated at a scale of order the 
electroweak scale. One has for those (see e.g. [192] ) 



(0.5 - 1.6) • 10- 



and ^ 



D 



(0.6- 1.8) • 10-3 and 



Yi 



(3 - 4) • 10-3 
(1 -3) • 10-2 
(5.9) • 10-2. 



(4.102) 



\Vckm\ 



\ 



(4.103) 



(2.8) • 10-^ and 
The experimental CKM mixing matrix with 90% CL is (see [111]) 

^ 0.9741 - 0.9756 0.219 - 0.226 0.0025 - 0.0048 ^ 

0.219 - 0.226 0.9732 - 0.9748 0.038 - 0.044 

0.004 - 0.014 0.037 - 0.044 0.9990 - 0.9993 

As an example take parameters 

{e0o, €01, e02,'^o, Mo, Ml) D,L = (-0.066,0.10,-0.27,0.5,1.41,-0.31) 

{e0o,e0i,€02,<^>o,Mo,Mi)u = (-0.033,-0.27,-0.33,-0.1,-1.1,-0.47) 

for the backgrounds at the D/L and U Yukawa intersecting points respectively. One then 
obtains mass ratios 

(6.9 • 10-^ 3.8 • 10-3, 1) 
(0.65 • 10-3, 2.96-10-2, 1) 
(4.8 • 10-^ 5.3 • 10-2, 1) 



(4.104) 
(4.105) 



(mi, 1712, m'i)u 
{nil, m2, ms)^ 
(mi, 1712, m3)L 
with a CKM mixing matrix 



(4.106) 



VcKM 



I 0.9834 0.1812 0.0056 
0.1809 0.9827 0.0382 
y 0.0125 0.0365 0.9992 



(4.107) 
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The agreement is quite good taking into account the simplicity of the model and the uncer- 
tainties. In particular the first (smallest) eigenvalues are less reliable since in the computation 
of the Yukawa couplings we have neglected effects of order which could be relevant for the 
masses and mixings of the first generation. Many other solutions leading to similarly ac- 
ceptable results exist. Note that due to the scale invariance in eq.(4.99) the same numerical 
results may be obtained with magnetic fluxes a factor smaller by compensating taking 
larger values for the rest of the parameters. Note also that in the above we have computed 
ratios of physical Yukawa couplings. However, flux effects do also affect the relative size of 
the third generation physical Yukawa couplings. Indeed, from eq.(4.97) one obtains 

As we saw, in the dilute flux limit with m*,m$ ^> \M\ one has Ma — rn^/{m\\M\) so 
y33(^) {\Mq + YlMi\\Mq + YeMi\YI^ (|Mo-3Mi||Mo + 6Mi|)V2 



y33(D) (|Mo + yDMi||Mo + yQMi|)V2 (|Mo + 2Mi||Mo + Mi|)V2 



(4.109) 



For the above choice of parameters this leads to Y^^{L) /Y^'^[D) ~ 1.13 , so that the (suc- 
cessful) standard SU{5) prediction mb{MGUT) = 'fnriMGUT) is not much distorted. 



In summary, although the above estimations are based on the results obtained for a 
simple U{3) toy model with constant magnetic flux, the lesson seems to be more general. 
Non-perturbative effects from distant 7-branes sectors (or, equivalently, local closed string 
(1, 2) fluxes) can give rise to the observed hierarchy of quark and lepton masses. On the other 
hand turning on hypercharge fluxes on SU (5) models seems able to explain the difference in 
masses between the D-quarks and charged leptons of the lightest generations. 



12(Flux and instanton corrections to Yukawa couplings in local F-theory models 



5 

Conclusions 



If string theory is indeed the fundamental theory underlying the SM, its low energy physics 
should be able to describe the different properties and parameters of the SM. In this work 
we have addressed a couple of phenomenological aspects of a large class of Type IIB/F- 
theory string compactifications which are able to contain the MSSM as its low-energy limit. 
In the first part we explore the structure of SUSY-breaking soft terms induced by modulus- 
dominated SUSY breaking and their phenomenological consequences, particularly in the con- 
text of recent LHC results. In the second part we address the issue of the origin of hierarchical 
Yukawa couplings in MSSM-like constructions induced by non-perturbative effects. 

We start our discussion (Ch. 2) with a brief review of the construction of chiral 4d Type 
II orientifold compactifications with = 1 supersymmetry. These include Type IIA orien- 
tifolds with chiral multiplets at intersecting D6-branes and their mirrors based on Type IIB 
magnetized intersecting D7-branes. The non-perturbative extensions of the latter are better 
described in terms of F-theory compactified on complex CY 4-folds, which are also briefly 
reviewed, particularly in the context of local F-theory GUT's. We describe how in this class 
of models there are three large classes of fields, those residing at intersecting 7-branes (I), 
those corresponding to Wilson lines on the bulk of the 7-branes (A) , and those parametrizing 
the 7-brane positions {(p). The distribution of SM chiral generations and Higgs multiplets in 
these 3 classes of fields is strongly restricted by the experimental existence of a large Yukawa 
coupling, that of the top quark. This leaves only three options: (I-I-I), all fermions and Hig- 
gses residing at intersecting 7-branes; (I- 1- A): same, but Higgses living in the bulk; (A-A-</>): 
all live in the bulk of the 7-branes. This different distributions lead to very different SUSY 
breaking spectra when analyzed in Ch. 3. We also describe some essential features of the low 
energy effective action (gauge kinetic functions and Kahler metrics of chiral matter fields). 
In particular the modular weights of the three classes of fields I, A, (f> above are 5, 1, 
respectively. In this chapter we also include some novel formulae estimating the effect of 
the magnetic fluxes in the Kahler metrics and gauge kinetic functions. The structure of this 
effective action is crucial for the computation of SUSY-breaking soft terms in Ch. 3. We 
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also illustrate these results in a detailed specific MSSM-like model whose effective action is 
described in App. A. 

In Ch. 3 we present a study of the SUSY-breaking induced under the assumption of 
modulus-dominance on Type IIB orientifolds with matter fields residing on D7-branes and 
their F-theory extensions. This modulus dominance SUSY-breaking may be understood as 
originated in the presence of closed string ISD fluxes in the IIB background. Armed with 
the results of Ch. 2, we compute the SUSY-breaking soft terms in a scheme in which it is 
assumed that the MSSM gauge group resides at a local set of 7-branes wrapping a 4-cycle 
inside a CY. This is done within the spirit of the swiss cheese type of CY compactifications 
first introduced in Ref. [73]. The results are summarized in Tab. 3.1 and Tab. 3.2. 

We have studied the phenomenological viability of these soft terms by impossing two 
conditions: 1) Correct radiative EW symmetry breaking and 2) neutralino relic density con- 
sistent with WMAP results. We also impose a number of experimental conditions from LEP, 
LHC and weak decays, in particular limits from 6 — )• 57 and Bs — t- To check for all 

these conditions we run the soft terms from the string/GUT scale down to the EW scale and 
obtain the low-energy SUSY spectra. The scheme has only three parameters, the universal 
gaugino mass M, the //-term and a small parameter pn describing possible small magnetic flux 
corrections. Imposing the above conditions the low-energy physics is extremely constrained. 
Interestingly enough, we find that the only consistent field distribution is (TTI) in which all 
MSSM fields live at intersecting D7-branes. This is in fact the structure favored by local 
F-theory GUT's in which all matter fields live at matter curves, which may be interpreted 
as the intersection of 7-branes. Consistent results are obtained only in a region with large 
tan/3 ~ 41 in which correct neutralino relic abundance is obtained thanks to neutralino-stau 
coannihilation. 

In view of the latter result we have performed a through analysis of this favored scheme 
with all fields at intersecting 7-branes. Interestingly enough the model has the built-in aproxi- 
mate identity A/m = —\/^{3 — pn) ~ —2 which induces a large stop mixing. This, in addition 
to the mentioned large tan/3, gives rise to a relativly heavy lightest Higgs boson, with a mass 
in the region 119-125 GeV. In fact the recent LHCb limit on BR{Bs — )• p^p^) forces M > 1.4 
TeV corresponding to the upper region with ~ 125 GeV. The SUSY spectrum is relatively 
heavy with gluinos and squarks with a mass around 2.8-3.0 TeV and stops around 2 TeV. 
The lightest stau is around 600 GeV, just slightly above the lightest neutralino. The signa- 
tures would be quite similar to those of the CMSSM in the stau coannihilation region, with 
very characteristic signatures involving multi-tau events. To study its detectability at LHC 
we have performed a Monte Carlo analysis of the jets+missing energy signal using PYTHIA 
6.400 linked with PGS, which simulates the response of the LHC detectors. We have included 
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the most important sources of SM background. We find tliat tlie model may be tested at 
LHC(14 TeV) with an integrated luminosity of 25 fb~^. Still, forthcoming LHC limits on 
BR(Bs — >• n^iJ.^) have also the potential of testing the model soon. 

Finally in Ch. 4 we turn to the study of Yukawa couplings in local F-theory GUT 
compactifications. Yukawa couplings in Type IIB/F-theory compactifications are obtained 
by performing an overlap integral of the three wave functions associated to the participating 
fields. This is a difficult task since such wave functions are only known for simple cases like 
toroidal orientifolds. On the other hand in local F-theory GUT's the Yukawa couplings are 
associated to points in the base S in which the matter curves intersect. Since the SM fields 
are localized (with a Gaussian profile) at the matter curves, the Yukawa coupling is only 
sensitive to the region around the intersection point. This allow us to compute the Yukawa 
couplings with only a local information about the wave functions. 

In this chapter we start by solving the local equations of motion for the matter fields 
in a simple U{3) toy model with three singlet generations. Plugging the resulting wave 
functions in the triple overlap integral we find the known result that only one generation 
gets Yukawa couplings. In addition we argue that non-perturbative gaugino condensation 
(or instanton) corrections originated on distant 7-branes can induce the required corrections 
to obtain non-vanishing Yukawa couplings for the lightest generations. We compute the 
modified wave functions in the presence of such corrections and performing again the overlap 
integral we find the results in Eq. (4.91), which lead to hierarchical Yukawas. On general 
grounds one finds also that the holomorphic Yukawa couplings obtained are independent of the 
magnetic fluxes present. This is potentially problematic since e.g. in a realistic setting with 
an SU{5) unification all three down quark Yukawas would be identical to their corresponding 
charged lepton Yukawas, which is phenomenologically untenable. We argue however that 
after including the wave function normalization required to get the physical Yukawas, an 
explicit dependence on hypercharge appears which can explain the difference betwen D and L 
Yukawas. We also check using this U{3) toy model that the structure of the non-perturbative 
corrections obtained, along with the wave function normalizations is sufficient to understand 
the observed structure of fermion masses and mixings in a more realistic setting. Thus indeed 
non-perturbative corrections have the potential to explain the observed hierarchies of fermion 
masses. 
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A 

MSSM-like model 



In this appendix we are going to apply the results in Ch. 2 to an explicit MSSM-like example 
with intersecting D6-branes or their T-dual equivalent with magnetized D7-branes. 

Toroidal models with N = 1 SUSY may be constructed if an additional Z2 x Z2 orb- 
ifolding is performed [66, 193]. In the case of the model we are dealing with, it has its origin 
in one of the simplest SUSY-quivers with four nodes, namely the SUSY-triangle of Ref. [81]. 



Brane type 




{nj,m}) 




(nf,mf) 


02 = a'2 




(1,0) 


(3,1) 


(3,-1/2) 


b2 


Nb = 2 


(1,1) 


(1,0) 


(1,-1/2) 


C2 


Nc = l 


(0,1) 


(0,-1) 


(2,0) 



Table A.l: Wrapping numbers of a three generation MSSM with Af ~ I SUSY locally 

To get = 1 SUSY, it is necessary that this local model is also embedded in a Type IIA 
T^/Z2 X Z2 orientifold with D6-branes wrapping 3-cycles. Then, one can provide a complete 
tadpole free version of this model. In this case the branes must be fixed by some element of 
the Z2 X Z2 orbifold group. The orbifold action projects the initial U{Na) Chan-Paton gauge 
group down to U{Na/2). Finally, the values of the wrapping numbers are chosen to be the 
same as in Tab. A.l. 

Due to the fact that there exists a T-duality between D6-branes at angles and magne- 
tized D7-branes, we are going to construct the model in terms of three sets of intersecting 
Type IIB D7- branes whose magnetized numbers are indicated in Tab. A.l. For each group 
of branes the state of magnetization is characterized by the integers (n^,m^), where m\ is 
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the wrapping number and the unit of magnetic flux in such two-torus. Namely, what we 
are doing is turning on a constant Abelian world-volume magnetic field F = dA, satisfying 



m 



. , K = <. (A.l) 



The T-duality allows us to introduce the angles 



ipl^ = arctan 27ra'-F* = arctan — (A. 2) 



mlAi 



where (27r)^^j is the area of the T?. The conditions for preserving J\f = I SUSY [194, 195] 
are the following 

3 „ 

5^Vi = ^mod27r. (A.3) 



2 

i=l 



Notice that T-duality along the horizontal direction in each T- gives the dual picture of 

iy) 



D6-branes at angles, e.g., for T^, Ai = RixRiy, and the dual angle is = aTctan{nl^Rix / ml^R 



We construct the model with three sets of D7-branes and their corresponding im- 
ages under QTZ. In Tab. A. 2 we can see the characteristics and the angles defined in 
Eq. (A. 2), where 7r72 = arctan(3a'/j42), 7173 = arctan(6a'/^2)) tt/Ji = arctan(a'/j4i) and 
IT = arctan(2a'/A3). 



Branes 




inj,mj) 




(nf,mf) 






6 + 2 


(1,0) 


(3,1) 


(3,-1/2) 


(f ,7r72,7r - 7r73) 




4 


(1,1) 


(1,0) 


(1,-1/2) 


(vr/?!, f ,7r - 7r/33) 


D7c 


2 


(0,1) 


(0,-1) 


(2,0) 


(0,vr,f) 



Table A. 2: Wrapping numbers of a three generation MSSM with D7-branes 



If we apply the condition we conclude that in order to get SUSY we need 

72 = 73 = 7 ^ ^3 = 2^2 (A.4) 
/3i = /33 = /3 ^ A3 = 2^2 (A.5) 



and using (A.4) and (A.5) we obtain 



A = Ai=A2 = Ia3 (A.6) 



2 



a' a' 



tanvr/? = ^ = ^ (A.7) 

3a' 3a' , . 

tan7r7 = — = — (A.8) 
' A2 A 
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and from eq. (A. 7) and (A. 8) we have 

tan 7r7 = Stan 7r/3 (A. 9) 

finally, from eq (A. 9) we see that 7 > /3. 

We will also need D7b* and Z)7c*-branes (images of Dlf, and D7c under ^ITZ) in order 
to obtain the spectrum of the model, in Table A. 3 we can see the corresponding ipl^. 



Branes 


in},m}) 




(nf,mf) 




D7b* 


(1,-1) 


(1,0) 


(1,1/2) 


(^-^/3,f,7r/3) 


D7c* 


(0,-1) 


(0,1) 


(2,0) 


(7r,0,f) 



Table A. 3: Wrapping numbers for D7-branes images under 517?. 



From wrapping numbers of Tables A. 2 and A. 3 we can calculate the intersection num- 
bers 



^ah = 


1, 


hb* 


= 2, 


^ac — 


-3, 


he* 


= -3 


hd = 


-1, 


hd* 


= 2, 


led = 


3, 


hd* 


= -3 


he = 


-1, 


he* 


= -1 



(A.IO) 



which provide us the massless spectrum of the model which is displayed in Table A. 4 (re- 
member that a = a' = d). This is the chiral spectrum of the MSSM enlarged to include 
right-handed neutrinos and an extra U{1)b-l- 

A. 0.4 Kahler potential 

Using what we have learnt in section Sec. 2.5.1 about Kahler metrics for untwisted fields 
Eq. (2.86) and Eq. (2.87) we obtain 



D7r-D7, 



D7b-D7b 



K^Ki = -^ ; K^K2 = ^ ; K^K3 = — (A.ll) 

U1E2 U2tl U3S 



,2£> _ 1 . .2.> _ 1 , . ,2f> 1 



k'K, = — ■ k'K2 = ^[s + ^\ ; k'K3 = — (A.12) 
uih U2t2S V 2y Usts 
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Intersection 


Matter fields 




Qa 


Qb 


Qc 


Qd 


Qy 


nh 


(It 




1 

L 


1 

L 


n 

u 


n 

u 


1 /fi 

i/D 


nh* 


Ql 




1 
L 


1 
X 


n 

u 


n 

u 


1 /fi 

1/D 


n o 


^ R 




± 


n 


1 


n 


-9 /3 


nn^ 

LLC 






1 

X 


n 
u 


1 
L 



u 




bd 


L 


(1 2) 





-1 





1 


-1/2 


bd* 


I 


2(1,2) 





1 





1 


-1/2 


cd 


Nr 


3(1,1) 








1 


-1 





cd* 


Er 


3(1,1) 








-1 


-1 


1 


be 


H 


(1,2) 





-1 


1 





-1/2 


be* 


H 


(1,2) 





-1 


-1 





1/2 



Table A. 4: Chiral spectrum of the SUSY's SM obtained from the magnetized D7-brane MSSM-like 
model. The hypercharge generator is defined as Qy = -^Qa — \Qc— \Qd- 



D7a-D7a 



K^Ki 



1 



, 9s + 
uitis V 2 



U2t2 



(AT3) 



And concerning the twisted fields Eq. (2.92) we have 
• D7a-D7b 

2f> ^ ^ r 



r(i + /3)r(i-7)r(7-/3) 



(,^3)1/4 ^i/2-/3^i/2+,^i+/3-, y r( 1 _ ^)r(i + ^)r(i + ^ _ ^) 

D7a-D7c and D7a-D7c* 

V2 1 r(l/2-7) 



(A.14) 



3(stni)V2 ^1-7^1/2+7 r(l-7) 



(A.15) 



D7a-D7b* 



V2 



r(i-/3)r(i-7)r(7 + /3) 



{st^y^ ^i/2+/3^i/2+7^i-/3-^ y r( 1 + ^)r( 1 + ^)r(i _ ^ _ ^3) 

D7b-D7c and D7b-D7c* 

V2 1 r(l/2-/3) 



(A.16) 



(stU2)V2^1-/3^1/2+/3 r(l-/3) 



(A.17) 
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To simplify the above results we are going to use the following relations 

.5(1/2, 1/2-5) (A.18) 



T{l-6) 

where 



T{x + y) 

is the Beta function and we can make a Taylor expansion 

^5(1/2, 1/2 - (5) « B{5 = 0)(1 + Bo{5 = 0)5) (A.20) 

where Bq{5) = V'oCl — 5) — -00(1/2 — 5) and V'o = r'(2:)/r(z) the Psi function. One can check 
that Bq{5) = 21og2 + tt^/^^, and so 



l + 21og2-(^ (A.21) 



r(l-5) 

Therefore, using eqs.(A.19) and (A.21) in eqs.(A.14)-(A.17) we obtain for small 7, (5 
D7a-D7b 

2f. 1 I '5(1/2 + 2/3) 

""^^"^^ (.t3)i/4 ^i/2-/.^i/2+3/3^i-2/3 y (-2/3)5(1/2 - /3, -2/3) ^""-"'^ 

L'Ta-i^Te and D7a-D7c* 

^'Kcr.. = + 21og2 . ,) (A.23) 

D7a-D7i,^ 



2f> 1 / 5(1/2-/3,4/3) 

^c^^^^* (.t3)i/4 ^i/2+/.^i/2+3/3^i-4/3 y (-4/3)5(1/2 + /3, -4/3) ^''•"^^ 

• D7b-D7c and D7b-D7c* 

An example for small 7 in Eqs. (A. 22), (A. 24) is more complicated. Noticed though 
that the metrics in (A.23), (A. 25) scale like 

K^\(l + c\] (A.26) 



t2 \ t2 

in agreement with the result in Eq. (2.112) 
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A. 0.5 Gauge kinetic functions 

Substituying in Eq. (2.104) the values of Tab. A. 2 we obtain 

fa = T3 + 9S = T + 9S ; ^ = Tg + 5 = T + 5 ; f, = T3 = T (A.27) 

Prom the above expression we see that in principle there is no gauge coupling unification 
because the three gauge kinetic functions are different. However there is a limit in which we 
do obtain gauge coupling unification. This is the case when T ^ S. We can see from (A.27) 
that in this limit fa ^ T, ff, T and fc = T, thus there will be gauge coupling unification. 



A.0.6 A tadpole free MSSM-like model 

As we have explained we have to cancell the tadpoles in order to guarantee the consistency 
of the theory. For the case of orientifolds the cancellation conditions (2.23) are modified in 
the following way 

Ea ^aulnlnl = 16 
Ea^anlmlml = -16/32/33 

(A.zoj 

j:^Namlmlnl = -l6l3i/32 
In the model we are dealing with, taking the values of Table A. 2, the above equalities imply 

Ea^anlmlml = -8^-A ^^^^^ 
EaNaminlml = -8^-2 
J2a Namlmlnl = -16 / -4 

This means that the above conditions are not fulfilled and then we are not able to 
cancell the tadpoles. In order to guarantee the consistency of the theory we will add some 
additional branes (hidden branes) 

4(-2,l)(-3,l)(-3,l/2) 

(A.30) 

6(1,0)(1,0)(2,0) 



and their corresponding images under i}TZ. Then the whole D-brane framework fulfill the 



133 



tadpole free conditions 

Za Naninlnl = 16 = 8 x 9 + 4 + (-72 + 12) 
Ea Nanimlml = -8 = -4 + (-4) 
J2^Naminlml = -8 = -2 + {-6) 
EaNamimlnl = -16 = -4 + (-12). 



Branes 




inj,m}) 


(n2,mf) 


(nf,mf) 




6 + 2 


(1,0) 


(3,1) 


(3,-1/2) 




4 


(1,1) 


(1,0) 


(1,-1/2) 




2 


(0,1) 


(0,-1) 


(2,0) 


D7, 


4 


(-2,1) 


(-3,1) 


(-3,1/2) 



Table A. 5: Wrapping numbers of a three generation MSSM with D7-branes and hidden branes 



Finding a MSSM-like model that is tadpole free is not a trivial task. Actually there 
is only another MSSM-like model [67, 69] that fulfils these consistency conditions. However, 
the fact of adding hidden branes implies that there will be exotics in our model. Actually if 
we compute the intersection between the D7-branes of Table A. 5 that contains the stacks of 
D7-branes (a,b,c) and the stack of hidden branes^, we obtain 

Ixa — 0, Ixa* — 0, 

Ixb = 3, = 2, (A.32) 

-^xc — 6, -^xc* — 6* 

and therefore the chiral exotic spectrum consist of 3(1, 2^, 1; 22,) for the xb intersection, 
3(1, 2f,, 1; 2^:) for xb* , and 3(1, 1, 1; 2j;) both for xc and xc* intersections. 



^Notice that we are only using the first stack of hidden branes of (A. 30) because the second one does not 
intersect with any D7-brane 
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